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Abstract
Chalcopyrite accounts for about 70% of all known copper deposits. Low-grade
chalcopyrite deposits may be unsuitable for exploitation by smelting. Leaching of
chalcopyrite-bearing ores in sulfate solutions is a potential alternative. However
chalcopyrite leaching is slow. It is believed that the low leaching rates are due to the
gradual formation of a passive layer on the chalcopyrite surface. This study
investigated the chalcopyrite behaviour in different mild sulfate solutions by the
application of electrochemical techniques, leaching tests and surface characterisation
methods. Electrochemical techniques demonstrated that the addition of silver to a leach
solution enhances chalcopyrite leaching rates. The addition of silver to a leach solution
also reactivated a passivated chalcopyrite surface. Leaching tests confirmed this and
techniques such as scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) showed that elemental Ag forms on the surface during leaching.
These results have shown that this effect can be attributed to the deposition of metallic
silver on the surface of the dissolving chalcopyrite which improves the surface
conductivity as Ag provides an electron path. This allows electron transfer between
chalcopyrite surface and the redox species in solution and in so doing enables the
oxidative leaching reaction to proceed.
SEM images revealed that during leaching, the chalcopyrite does not dissolve
uniformly. It was demonstrated that different surface products are present on the same
surface at different stages of the leaching. The study revealed that intermediate phases
forming on a chalcopyrite surface include copper-rich sulfides (or iron-deficient
sulfides). It was further demonstrated through time-resolved in-situ synchrotron
powder diffraction, that the intermediate Cu-rich phase is formed rapidly on the
iii

surface. The formation of elemental sulfur was identified by time-resolved in-situ
synchrotron powder diffraction as well as by x-ray diffraction (XRD).
Potential synergistic effects of Ag ions and other additives were also investigated
experimentally using leaching tests. It was shown that the effect of Ag on Cu extraction
is significantly enhanced by the presence certain secondary components and that this
strategy can be used to lower the dosages of silver required for an effective copper
heap leaching.
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Chapter 1. Literature Review
The main objectives of this chapter are:
•

To understand challenges associated with copper extraction from chalcopyrite
and to highlight the research question.

•

To better understand the physical and chemical properties of chalcopyrite and
the phenomenon of chalcopyrite passivation.

•

To make a comparison of pyrometallurgical and hydrometallurgical processing
of chalcopyrite and gain a better understanding of the various
hydrometallurgical processes.

•

To study the various chalcopyrite leaching mechanisms.

•

To understand chalcopyrite electrochemistry and the influence of
electrochemistry on chalcopyrite leaching.

•

To identify potential areas where more research needs to be conducted and to
determine the direction of the study.
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1.1 Introduction
1.1.1

The common uses of copper

Copper is a very essential metal in today’s world as well as for the future. It has
countless applications due to its desirable attributes which include its high electrical
conductivity, high corrosion resistance, excellent heat transfer capability, ductility,
strength and aesthetics (Biswas and Davenport, 1994). Some uses for copper have been
listed in Table 1. This list is by no means exhaustive but it gives a snapshot of the wide
range of uses for the metal, and therefore, its importance.
Table 1. A snapshot of the wide ranging uses of copper (after Biswas and Davenport, 1994).

MAJOR USES OF COPPER
Building and Construction
Building wiring, plumbing and heating, air conditioning/refrigeration, builder’s
hardware
Electrical & Electronic Products
Power utilities, telecommunications, business electronics, lighting and wiring
devices
Industry Machinery and Equipment
In-plant equipment, industrial valves and fittings, non-electrical instruments, offhighway vehicles, heat exchangers
Transportation Equipment
Automotive electrical, automotive non-electrical, railroads, marine
Consumer and General Products
Appliances and extension cords, military and commercial survey, consumer
electronics, fasteners and closures, coinage, utensils and cutlery, other household
products
New applications of copper continue to emerge, according to the International Copper
Study Group (ICSG). Such applications include antimicrobial copper touch surfaces,
lead-free brass plumbing, high-tech copper wire, heat exchangers, as well as other new
2

consumer products (ICSG, 2013). Data published by the ICSG shows the trends in the
production and use of copper worldwide from 1960 to 2013, as indicated in Figure 1.
It is evident from Figure 1 that from 1960, there has been a continued increase in the
usage of refined copper. During this time, mine production has also grown. However,
mine production alone has never been able to satisfy the demand. Recycling has played
a major part in ensuring that the refined usage is satisfied. The refined production
shown in the graph represents mine production combined with recycling (i.e. Refined
production = mine production + recycle production). From the trends on the graphs, it
is also clear that the growth in copper usage can be expected grow with the progression
of time. In order to meet this future demand, it is therefore important to boost mine
production.

Figure 1. The trends in the production and usage of copper from 1960 to 2013 [data from The
World Copper Fact Book, (ICSG, 2013)]. *Refined production = mine production + recycle
production (recycle production is not shown in this graph).

Some additional data obtained from ICSG for the years 2011 to 2016 is shown in
Figure 2. The figure shows that while there was a steady increase in the copper
3

production levels during this period, there was a sharp drop in the price of copper.
There price dropped from US$8,800 in 2011 to US$ 4,800 in 2016, representing a
price drop close to 50%. Such a massive drop in the commodity price dictates that it
is important to find low-cost copper extraction methods to make copper production
economically viable in such difficult market environments (Cramer, 2003).

Figure 2. The trends in copper production, usage and average price from 2011 to 2016 (data
from ICSG).

1.1.2

The occurrence of copper minerals in the earth’s crust

Copper predominantly occurs in the earth’s crust in the form of sulfides, with
chalcopyrite (CuFeS2) being the most abundant sulfide (Subramanian and Jennings,
1972; Nesse, 2000; Acero et al., 2007; Lundström et al., 2011; Debernardi and Carlesi,
2012; Li et al., 2013). Chalcopyrite accounts for about 70% of the copper in the earth’s
crust (Wang, 2005; Martinez-Gomez et al., 2016). It is the most abundant copper
sulfide (Muszer et al., 2013), while other copper sulfide minerals such as bornite
(Cu5FeS4), covellite (CuS) and chalcocite (Cu2S) are also quite common. Copper also
occurs in the form of oxidised minerals such as carbonates which include azurite
[Cu3(CO3)2(OH)2)] and malachite [Cu2CO3(OH)2] as well as oxides such as cuprite
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(Cu2O) and chrysocolla (Cu2-xAlx(H2-xSi2O5)(OH)4.nH2O. The fact that chalcopyrite is
the most abundant copper mineral makes it the most important source of copper.
Copper sulfide minerals commonly occur in the form of porphyry copper finely
disseminated in host rocks of quartz (Munoz et al., 2007a; Yue et al., 2014) or as
massive sulfide deposits (Lazaro-Baez, 2001). A massive mineral is defined as one
which possesses no crystal structure visible to the eye without a microscope, even
though the mineral may be crystalline. Massive sulfide deposits are layers or pods of
sulfide minerals that usually result from subsea volcanic activity (Lazaro-Baez, 2001).
The copper grade in the massive sulfide deposits can be as high as 5% (Lazaro-Baez,
2001). Of the world’s copper reserves, 80% of them are porphyry copper deposits (Sun
et al. 2013). In porphyry deposits, chalcopyrite is distributed in the host igneous rock.
These porphyry chalcopyrite deposits are usually very large and low grade. However,
in some cases they can contain up to 2% copper (Lazaro-Baez, 2001).
In light of the continued global demand for copper, there is strong justification to
increase copper production particularly from chalcopyrite because it is the most
abundant copper mineral. A great portion of the copper deposits are low-grade
deposits. Therefore, one of the main objectives of this study is to investigate ways to
improve copper extraction from the low-grade chalcopyrite deposits economically.
1.1.3

The physical and chemical properties of chalcopyrite

The chemical formula of chalcopyrite is CuFeS2 (Boekema, et al., 2004). It is a mineral
with a brassy yellow appearance and a green/black streak. It sometimes occurs with an
iridescent surface layer which gives various bright colours due to oxidation (BabaKishi et al., 2005), giving rise to the aptly named “peacock ore”. This oxidation occurs
via the initial formation of ferrous or cuprous thiosulfates, which further oxidise to
give ferric or cupric sulfates (Baba-Kishi et al., 2005).
5

Chalcopyrite has a density of 4.1- 4.3 g/cm3 and a Mohs hardness of 3.5 to 4 (Hiskey,
1993; Klein et al., 2007). A chalcopyrite unit cell contains four Cu atoms, four Fe
atoms and eight S atoms (Von Oertzen et al., 2006; Li et al 2013). In the chalcopyrite
crystal structure, each S ion is surrounded by two atoms of Cu and two atoms of Fe
positioned on tetrahedron angles in each plane, to give chalcopyrite a tetragonal lattice
with c=5.25 Å and a=10.32 Å (Vaughan and Tossel, 1980; Sand et al., 2001; Habashi,
1978). Each metal atom is coordinated to four sulfur atoms.
The crystal structure of chalcopyrite is as shown in Figure 3, which shows a facecentred tetragonal lattice (Hiskey and Wadsworth, 1981; Hiskey 1993; Nikiforov,
1999). Chalcopyrite is a covalent compound whose structure is similar to the sphalerite
structure (Von Oertzen et al., 2006; Li et al., 2013).

Figure 3. The chalcopyrite crystal lattice (Drawn using VESTA software, Momma and Izumi,
2011).

A varied number of chemical reactions are believed to be associated with chalcopyrite
leaching. This variation has sometimes been attributed to the existence of copper and
sulfur in different oxidation states in the chalcopyrite structure i.e. Cu+ and Cu2+ as
well as S0 and S2- (Zeng et al., 2013).
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There have been numerous disagreements regarding the oxidation states of the Cu and
Fe in the chalcopyrite structure (Mikhlin et al., 2004). Using a combination of x-ray
absorption spectroscopy (XAS) and x-ray photoemission spectroscopy (XPS), Pearce
et al. (2006) stated that the Cu in chalcopyrite is monovalent, so that chalcopyrite can
be written as Cu+Fe3+S2-2. This agreed with Greenwood and Whitfield (1968) and
Nakai et al., (1978) who used Mossbauer spectroscopy and XPS respectively and
proposed that Cu in CuFeS2 is monovalent. Several other researchers have also
reported chalcopyrite as Cu+Fe3+S2-2 (Hiskey and Wadsworth, 1981; Torma, 1991;
Mikhlin, 2004). However, there have been other proposals which state that valencies
in chalcopyrite can be shown as Cu#$ Fe#$ S##( (Todd and Sherman, 2003).
Nevertheless, it has also been stated that both +1 and +2 ionic states possibly exist
together (Hiskey, 1993). Still, in some recent studies, no evidence of Cu2+ was found
on freshly fractured chalcopyrite surfaces and it was concluded that copper was present
in the +1 oxidation state (Li et al, 2014).
The assignment of formal valence states to covalent copper sulfides is believed to be
an oversimplification (Pearce et al., 2006). On the other hand, assigning the correct
states for Cu and Fe in chalcopyrite is not only necessary for understanding but also
for predicting the behaviour of chalcopyrite (Pearce et al., 2006). It has been argued
that techniques such as XPS may be inappropriate for the determination of oxidation
state. This because XPS data is based on the top few atomic layers of a sample. As a
result, it is believed that the XPS results used to determine the crystal structure may
inadvertently be due to surfaces which have already been oxidised (Pearce et al., 2006).
Therefore such data cannot be applied to the bulk material.
The covalent nature of most sulfides results in non-localisation of charge, giving
sulfides intrinsic conductivity (Hiskey, 1993). Chalcopyrite has been described as an
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anti-ferromagnetic semiconductor (Von Oertzen al., 2006). It is commonly reported
that natural chalcopyrite exhibits n-type semi-conductor properties (Donovan and
Reichenbaum, 1958; Ghahremaninezhad, 2012). In n-type semiconductors, the
dominant charge carriers are electrons as opposed to the p-type semi-conductors,
where holes are the dominant charge carriers (Yacobi, 2004; Rockett, 2008). In
contrast however, using Hall potential measurements carried out on chalcopyrite
concentrate from Mt Isa Mine (Queensland) and massive chalcopyrite from Mt Lyell
(Tasmania), it was found that both chalcopyrite samples were p-type (Parker et al.,
2003). It has also been suggested that chalcopyrite can be both n-type and p-type
(Klauber, 2008). However, Crundwell (2015) argues that natural chalcopyrite is of ntype and that any chalcopyrite that exhibits p-type behaviour could be contaminated
by another sulfide which then imparts its p-type characteristics. This agreed with the
studies by Pridmore and Shuey (1976) who suggested that naturally occurring
chalcopyrite is predominantly n-type and that p-type chalcopyrite was rare. According
to Hiskey (1993), n-type semiconductor minerals dissolve slower anodically compared
with p-type minerals. The significance of these semiconductor properties will be
discussed in greater detail in Sections 1.6.3 and 3.4.
The stability of ionic solids can be conveniently expressed in the form of the energy
required to break apart the ionic solid to its constituent atoms. This energy is
commonly referred to as the lattice energy of the ionic solid. A comparison of the
lattice energies of some of the common sulfides are given in Table 2. The crystal lattice
energy of chalcopyrite is very high compared to the other common sulfides. Such high
lattice energy could be a contributing factor to the refractory nature of chalcopyrite
(Debernardi and Carlesi, 2012).
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Table 2. A comparison of the crystal lattice energy of chalcopyrite with other sulfides (kJ)/mol.

Mineral sulfides

Lattice energy

Chalcopyrite

17500a,

Pyrite

4260a, 3506b

Covellite

3785a

Chalcocite

2935a, 2322b

a

Debernardi and Carlesi (2012); bBachinski (1969).

Chalcopyrite exhibits poor cleavage in any direction and as a result, it does not result
in cleavage planes but results in conchoidal surfaces (Harmer et al., 2004; Li et al 2013;
Von Oertzen et al., 2006). For this reason, on fracture of chalcopyrite, a variety of
surface orientations exist and these contain both cationic and anionic dangling bonds
(Li et al., 2013). These different surface orientations are believed to undergo a series
of surface reconstructions. The reconstructions that take place on the surface of
chalcopyrite were reported to be a significant factor in the leaching mechanism of
chalcopyrite. These surface reconstructions were believed to be responsible for the
slow dissolution that is displayed by chalcopyrite (de Olveira and Duarte, 2010). The
chalcopyrite surfaces of (001), (100), (111), (112), (101) and (012) and their
reconstructions have been studied quite extensively (Harmer et al., 2004; Von Oertzen,
2006; de Olveira and Duarte, 2010; de Olveira et al., 2012; Li et al., 2013). Using
density functional theory (DFT) calculations, de Olveira et al. (2012) studied the
structural and electronic properties of the reconstructed surfaces in detail. They
concluded that there were three possible mechanisms of reconstruction. It was
concluded that chalcopyrite undergoes reconstructions in which the sulfide (S2-) ions
migrate to the surface and are oxidised to disulfides (S22-) and simultaneously, the Fe3+
is reduced to Fe2+ (de Olveira et al., 2012).
The (012) surface was reported to produce the same number of metal and S atoms
while (112) surface produces S atoms on one side and metal atoms on the other side,
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giving rise to two different surfaces (Von Oertzen, 2006). According to Harmer et al.
(2004), fracture of chalcopyrite parallel to the (111) plane produces two polar surfaces
with different compositions as well. The first surface is a metal-terminated surface
while the other is a sulfur-terminated surface (Harmer et al., 2004). The sulfur at the
S-terminated surface was thought to be made of polymeric sulfur (Harmer et al., 2004).
On the other hand, the cleavage of chalcopyrite parallel to the (100) plane gives rise to
alternate layers of cations and anions.
The chemical, physical and electrochemical properties of chalcopyrite which have
been discussed so far present a unique set of challenges encountered during the
extraction of copper from chalcopyrite. A better understanding of the properties
possessed by chalcopyrite is paramount for the creation of an environment which
enhances copper extraction from the chalcopyrite lattice. Therefore, it is one of the
objectives of this study to understand the influence of these properties on the leaching
mechanisms of chalcopyrite.

1.2 The pyrometallurgical processing of chalcopyrite
1.2.1

The pyrometallurgical processes

The current industry standard practice for copper production is by smelting (Biswas
and Davenport 1994; Watling, 2013; Ghahremaninezhad et al., 2013). Only about 1820 % of copper is processed hydrometallurgically (Cordoba et al., 2008a; Debernardi
and Carlesi, 2012) with about 80-85 % of copper being processed pyrometallurgically
(Li et al 2013). There are several steps involved in the pyrometallurgical processes.
Some of these steps are shown in Figure 4, which represents a general flowsheet in a
smelting process. The concentrates are usually produced by froth flotation following a
series of crushing and milling steps. Chalcopyrite can be easily recovered by froth

10

flotation to give concentrates which are then commercially processed into copper by
smelting (Subramanian and Jennings, 1972; Habashi, 2007).

Matte formation and purification
Concentrates

Electrolytic refining

Fire refining

Conversion

Copper cathodes

Figure 4. A general flowsheet for pyrometallurgical treatment of chalcopyrite concentrates.
Drawn using HSC Chemistry 7.1 (Roine et al., 2009).

1.2.2

The disadvantages of smelting chalcopyrite

Although smelting is widely applied in the treatment of copper sulfides, there has been
an increased interest in developing alternative hydrometallurgical processes. Several
reasons have driven this interest in hydrometallurgy as a possible alternative to
pyrometallurgical processing. For some ores hydrometallurgical treatment is generally
considered to be more economical and more environmentally friendly than
pyrometallurgical processing (Lundström et al., 2011; Li et al., 2013; Yue et al., 2014).
From a historical perspective, one of the main reasons driving the interest in
hydrometallurgical processing includes the poor energy utilisation in the smelting
11

processes due to the inability to harness the energy produced in processes like roasting,
matte purification and conversion. In these processes, the energy released is not usually
utilised in endothermic processes (Habashi, 1978).
The use of powdered concentrates usually results in massive dust formation. This
necessitates the need to install dust collection systems to meet regulatory requirements.
Such dust collection systems are usually expensive, leading to increases in capital
costs. In addition, the dust usually contains metal values. As a result, recycling the dust
to recover the contained metals may be necessary. However, recycling the dust can
create impurity problems for the downstream unit operations. Most of the gases
leaving the furnaces are at high temperatures. To utilise the heat contained in these
gases requires heat recovery systems to be installed into the process. This often leads
to significant increases in capital and operating expenditure (Habashi, 2007).
During smelting, vast amounts of copper are sometimes lost to the slag in the furnace
in trying to achieve high grades of matte. The higher the grade of the matte, the higher
also are the copper losses. As a compromise, high matte grades are usually avoided to
strike a balance between grade and recovery (Habashi, 1978). High grade matte
therefore means that more copper will report to the slag phase, which will result in
huge metal losses. Consequently, the huge amounts of dumped slag usually significant
quantities of copper. However, the concentration of such copper in the slag is usually
considered too small to make its recovery economic. The Fe reporting to the slag is
also lost because it is in such low concentrations to be economically recovered as a byproduct. In cases where the copper in the slag is of a significant concentration, the slag
could be treated to recover copper. However, such an exercise represents extra material
handling and as such, extra costs (Habashi, 2007).
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In recent times, with improved furnace designs, some of these historical problems are
no longer a major cause for concern. For example, Figure 5 indicates that the use of
flash/continuous technology has grown in recent years and it is expected to continue
dominating up to 2020 (ICSG, 2017). The percentage of the flash/continuous smelters
has been projected to increase from 58.7% in 2000 to 74% in 2020. On the other hand,
the number of reverberatory furnaces has been projected to drop from around 14.8%
to 8% in the same period.

Figure 5. Charts comparing the types of furnaces in use for copper extraction in 2000 and a
projection for 2020 (Data from ICSG Factbook, 2017).

Although there have been significant improvements in the smelting technologies, there
are still some disadvantages that are inherent with the smelting options. There is a
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widespread perception that copper smelters contribute heavily to air pollution (Hackl,
1995). During smelting, huge amounts of sulfur dioxide (SO2) are produced (Mayne,
2006). Modern smelters are expected to abide by strict environmental regulations
which prohibit the release of the SO2 to the environment due to its harmful effects. The
release of SO2 to the environment may result in heavy punitive measures from
regulatory bodies because SO2 has some serious health effects on humans such as
bronchitis. SO2 also has a negative impact on the environment due to the formation of
acid rain (WHO, 2006). The formation of sulfuric acid has detrimental effects to
ecosystems, where it harms aquatic animals and plants as well as damaging a wide
range of terrestrial plant life (Smith et al., 2011).
Persistent environmental pressures are driving hydrometallurgical experimentation
(Cramer, 2003). The strict environmental restrictions on SO2 release may mean
investing a great deal of resources to abate the release of such gases and these measures
increase production costs (Gomez et al., 1996). The SO2 which is produced in
significant quantities is normally used for the manufacture of sulfuric acid as a way of
utilising the SO2. Stoichiometrically, for every tonne of copper produced by smelting,
three tonnes of sulfuric acid are produced (Habashi, 2007). If there is no local demand
for sulfuric acid, this presents a new problem as new markets for the sulfuric acid
should be sought. It can be very expensive and extremely risky to transport the
corrosive sulfuric acid over great distances (Habashi, 2007). For this reason, a process
where the sulfur can be produced as elemental sulfur rather than as SO2 is desirable.
Hydrometallurgical processing eliminates the generation of SO2 (Spink, 1977).
The high demand for copper has always justified the exploitation of the high-grade
copper ores (Olvera et al., 2017). Over the years, medium and high grade ores of
copper have been exploited (Debernardi and Carlesi, 2012). The remaining
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unexploited deposits are largely low grade ores (Muszer et al., 2013; Olveira et al.,
2014) which are difficult and expensive to treat using the traditional methods of
smelting (Kesler and Wilkinson, 2008; Zhao et al., 2015; Olvera et al., 2017). Ore
bodies which were previously considered uneconomic are becoming attractive to
exploit. However, the copper should be extracted cost effectively from such ore bodies.
Smelters are usually designed to handle process feeds that contain high metal values.
Low grade ores generally do not justify treatment in a smelter. On the other hand, by
applying hydrometallurgical means, metal values can be extracted cost effectively
even from low grade ores as well as at low capacities for example, in isolated small
ore deposits (Wang, 2005; Ghahremaninezhad, 2012).
There are higher capital costs in smelting compared to hydrometallurgy options. The
high costs associated with processes such as milling have seen the closure of some
mills such as Morenci/Metcalf Mill in Arizona (Cramer, 2003). Economies of scale
are only realised if large smelters are constructed (Hackl, 1995). In contrast
hydrometallurgy is more versatile. This usually makes hydrometallurgy more
desirable due to the generally lower capital cost involved, lower emission of dust and
flue gases such as SO2 and high product quality (Gomez et al., 1996; Mayne, 2006)
especially for new plants. For these reasons, worldwide research has focussed on
development of an effective hydrometallurgical process to treat chalcopyrite.
There is limited ability of smelters to handle increasing quantities of arsenic (As) and
antimony (Sb) in the ores (Yue and Asselin, 2014). Many copper deposits are found
associated with arsenic minerals such as enargite, Cu3AsS4 (Lattanzi et al., 2008). The
treatment of such ores by smelting is not desirable because there is a risk of discharging
some arsenic to the environment as part of the gaseous discharge. Arsenic is poisonous
so it should not be discharged to the atmosphere at all (Lattanzi, et al., 2008). It is
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regarded as carcinogenic even at low levels (Mandal and Suzuki, 2002).
Hydrometallurgy has the capacity to stabilise the residues of such arsenic minerals
while the products of smelting cannot easily be controlled.
Other advantages of hydrometallurgy over pyrometallurgy for chalcopyrite treatment
include the capability of hydrometallurgy to handle process feed with a wide range of
impurities (Ghahremaninezhad 2012) as well as the ability of a hydrometallurgical
route to extract copper from polymetallic ores which are complex in their mineralogy
and cannot be concentrated by flotation (Watling , 2013). On the other hand, it is a
huge challenge to adjust parameters in a smelter to handle variations in the feed
composition.
In industry, pyrometallurgical treatment of copper ores for the extraction of Cu is still
the dominant process. Regardless of the drawbacks encountered in applying
hydrometallurgy for the extraction of copper from chalcopyrite, hydrometallurgy
offers a lot of promise as the processing route for the future. Therefore, despite the
challenges that have been faced by many researchers in trying to develop a robust
leaching process of copper, it is encouraging that a lot of researchers are still plodding
on to reach this goal. It is the aim in this study to contribute to these efforts.

1.3 The hydrometallurgical processing of chalcopyrite
The development of a hydrometallurgical process for the treatment of chalcopyrite cost
effectively and expeditiously for copper extraction has proven to be a challenge. This
has been mainly because chalcopyrite is highly resistant to leaching in sulfuric acid at
atmospheric conditions (Ghahremaninezhad et al., 2015; Baba et al., 2012; Cordoba et
al., 2008b; Debernardi and Carlesi, 2012; Muszer et al., 2013). Chalcopyrite is
regarded as the most refractory of all copper sulfides (Parker et al., 2003). The
chalcopyrite dissolution rate is very low in sulfate media (Khoshkhoo et al., 2014:
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Olvera et al., 2017; Khoshkhoo et al., 2017) and this makes the commercial application
of heap leaching to chalcopyrite very difficult (Lundström et al., 2011). However, the
heap leaching of copper oxide ores and bioleaching of secondary copper sulfide
(chalcocite) ores are utilised on a wide scale (Cramer, 2003; Domic, 2007; Nicol and
Zhang, 2016).
The heap leaching options were initially developed for the treatment of low grade ores
which occur in vast quantities (Watling, 2013). However, they can also be applied in
cases where the deposits are small, located in remote locations away from smelters or
in cases where it is uneconomic to apply the smelting options (Watling, 2013). The
application of heap leaching to chalcopyrite demands greater management and control
than in the heap leaching of copper oxides or secondary copper sulfides (Watling,
2006). In situ, dump and heap leaching of chalcopyrite are applied in some cases due
to the low costs involved but the process is a very slow one (Debernardi and Carlesi,
2012). The application of leaching or bioleaching releases only part of the copper
(Parker et al., 2003).
The mechanism for chalcopyrite dissolution is still under debate. It has not been
resolved in part, due to very different experimental conditions that have been applied
in various investigations (Nicol et al., 2010), giving rise to a wide range of reported
results. For this reason, it is believed that different mechanisms for chalcopyrite
dissolution are present depending on the operating conditions (Nicol et al., 2010). It is
reported that even after years of leaching, extractions lower than 50% have been
observed in the case of chalcopyrite (Munoz et al., 2007a). The slow oxidation of
chalcopyrite has been attributed to be a result of the crystal structure of chalcopyrite
and the changes that take place (de Oliveira et al., 2012; Klauber, 2003) leading to
what is generally referred to as “passivation” (Watling, 2013). Being the most
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abundant copper sulfide (Watling, 2013), it is crucial to develop hydrometallurgical
processes for chalcopyrite processing to address the current imbalance between global
copper demand and supply. Such developments may also allow the exploitation of
complex ores as well as minerals containing deleterious elements such as enargite,
which contains arsenic (Watling, 2013). There are several factors that should be
considered in leaching chalcopyrite (Watling, 2013). These include; other copper
minerals present, mineral associations and copper mineral liberation, the chalcopyrite
grain size as well as gangue mineral dissolution (Watling, 2013). The gangue mineral
dissolution consumes acid and may result in the formation of an amorphous silica gel
which results in greater viscosity of the leachate. Gangue dissolution can also allow
the release of iron, which may result in the formation of jarosites (Watling, 2013).
Several hydrometallurgical processes have been developed, all with the aim of
commercially extracting copper from chalcopyrite. As early as 1954, the Sherrit
Gordon Mine in Alberta, Canada developed an ammonia pressure leach method for
copper-nickel concentrates where copper occurred as chalcopyrite (Subramanian and
Jennings 1972). However, this method was not applied commercially because it
produces the sulfur in the form of ammonium sulfate (Subramanian and Jennings,
1972) and this contributes to impurity problems in the final copper and the sulfate is a
waste product unlike elemental sulfur which can potentially be sold (Hackl, 1995).
Since that time, many other processes have been tried with varying levels of success.
One of the most promising strategies to extract copper from low grade sulfide ores that
has been intensively investigated is bioleaching (Munoz et al., 2007a). However, there
has not been industry-wide acceptance for hydrometallurgical processing of
chalcopyrite yet.
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None of the processes that have been developed so far has reached industry-wide,
commercial-scale acceptance for various reasons (Wang, 2005). Some of the problems
include the formation of a passive layer on the mineral surface (Lundström et al.,
2011), the production of excess sulfuric acid or elemental sulfur as well as the inability
to recover precious metals from the insoluble residue (Ghahremaninezhad et al., 2013;
Wang, 2005). Additionally, some difficulties have been faced in making the final
residue stable enough for landfill disposal (Wang, 2005). Some of the processes are
briefly described in the subsequent paragraphs. These processes have been grouped
into different groups depending on the main processing steps involved.
1.3.1

Chloride processes for chalcopyrite treatment

This section will give an overview of some of the chloride processes that were
developed with the aim to extract copper from chalcopyrite through leaching. The
Cyprus Metallurgical Process Corporation developed the Cymet Process for chloride
leaching. The Cymet process was operated at atmospheric pressure (Paynter, 1973). In
this process, the chalcopyrite concentrates were dissolved in a hot ferric chloride–
copper chloride solution via a two-leach step process as shown by equations (1) and
(2) (Habashi 1979).
CuFeS# + 4FeCl, → CuCl# + 5FeCl# + 2S

(1)

CuFeS# + 4CuCl# → 4CuCl + FeCl# + 2S

(2)

3CuCl + 3e( → 3Cu1 + 3Cl(

(3)

CuCl was then crystallized by cooling, followed by washing the crystals, drying and
reduction to metallic copper by electrolysis as shown by Equation (3) (Paynter, 1973;
Habashi 1979). The copper was produced in the form of copper nodules, which could
be melted, fire-refined or cast into wire bars (Kruesi et al., 1973; McNamara and
Ahrens, 1978). The remaining liquor, which contained FeCl2 and remnants of CuCl
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was oxidised by oxygen to regenerate FeCl3 and CuCl2 and these were recycled to the
leaching steps (Habashi 1979).
Another process that treated chalcopyrite in the chloride system was the CLEAR
process, which was developed by the Duval Corporation. The process involved the
recovery of copper from chalcopyrite by ferric chloride oxidation to produce cupric
chloride. This was then followed by electrolysis where ferric chloride was regenerated
by oxidation (Atwood and Curtis, 1975). It is also reported that in the CLEAR process,
powdered metallic copper was added to the pregnant solution and all copper was
reduced to Cu(I) (Carneiro and Leao, 2007). Thereafter, a diaphragm cell was used to
recover copper by electrolysis (Carneiro and Leao, 2007).
The CUPREX process was a chloride leaching process where mild leaching conditions
using ferric chloride were applied. Leaching was followed by solvent extraction to
selectively extract CuCl2 (Carneiro and Leao, 2007). The concentrated cupric chloride
solution was then electrowon in the Metclor cell (Dalton et al., 1988).
Another chloride leaching system was the INTEC process. The process involves a
counter-current leach in a chloride/bromide solution at atmospheric pressure. The pulp
was filtered and the pregnant solution was electrowon to produce pure copper cathodes
with the regeneration of the lixiviant. The exothermic leach reactions provided the heat
required for the process. The water balance was maintained such that no liquid
effluents were produced from this process (Wang, 2005; Moyes, 2002).
A more recent process called the HydroCopper process was also developed by
Outokumpu in 2005. The HydroCopper process is run at atmospheric pressure, close
to the boiling point of water (80-100 °C) and at a pH between 1.5 and 2.5 (Lundstrom
et al., 2005). In this process, copper is produced as a powder, which is then melted for
casting. The lixiviant used for leaching is sodium chloride using a chlor-alkali
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electrolyser. Cu2+ ions and oxygen are used as oxidants. Iron reports to the residues as
an oxide whilst sulfur is produced as elemental sulfur (Hyvärinen and Hämäläinen,
2005; Outokumpu, 2005). The process can be written as shown in Equation (4)
(Lundstrom et al., 2005).
CuFeS# + 3Cu#$ = 4Cu$ + Fe#$ + S 1

(4)

The Cuprochlor process is a Chilean patent and the process is based on calcium
chloride and sulfuric acid agglomeration heap leach technology (Cramer, 2003).
1.3.2

Bioleaching processes for chalcopyrite treatment

Biohydrometallurgy has been applied to situations where traditional metallurgical
methods cannot be applied cost-effectively (Pradhan et al., 2008). The bioleaching of
sulfides was developed following the discovery of iron and sulfur-oxidising bacteria
in 1965 (Brierley, 2008). The leaching of chalcopyrite using micro-organisms has also
been explored extensively as it could potentially offer solutions to several issues. Some
of these issues include metal prices decline and increased operating costs due to rising
energy

costs

(Brierley,

2009).

Environmental

considerations,

where

bio-

hydrometallurgy is considered as a ‘green technology’ is also another factor that has
justified the development of bioleaching processes (Brierley, 2009). The use of
bacteria in the dissolution of chalcopyrite is also considered to be less costly because
the bacteria gain their energy from the redox reactions and get their carbon dioxide (or
oxygen) from the air (Watling, 2013). Bacteria can be used in the chemical attack of
an ore by acting directly or indirectly in the process (Ballester et al., 1992). Another
advantage is that bioleaching can be used in both low grade ores as well as high grade
ores (Ballester et al., 1992). Bioleaching is also described as a process which is simple,
with low capital costs and mild operating conditions (Acevedo, 2000).
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Although a lot of progress has been made in developing heap leaching processes, it is
still necessary to gain a better understanding of the optimum conditions for the
leaching of chalcopyrite and other primary sulfides (Brierley, 2009). Apart from the
slow dissolution rates of chalcopyrite, the material in heaps (where bioleaching is
usually applied) is heterogeneous and as such, there is no proper process control in this
system (Acevedo, 2000). The low leach rates result in long leach times and incomplete
conversions (Acevedo, 2000). There are a number of bacterial cultures that are
typically used in bioleaching. These can be summarised in Table 3.
Table 3. The types of bacterial cultures used in bioleaching (after Abdollahi et al., 2014 and
references within).

Bacterial environment
Mesophilic

Moderately thermophilic

Thermophilic

Types of bacteria
•

Acidothiobacillus ferrooxidans (Iron oxidising)

•

Acidothiobacillus thiooxidans (sulfur oxidising)

•

Leptospirillum ferrooxidans

•

Acidothiobacillus caldus

•

Leptospirillum ferriphilum

•

Sulfobacillus ferrooxidans

•

Ferroplasma thiooxidans

•

Acidianus brieleyi

•

Sulfolobus acidocaldarius

It has been observed that higher yield and rates of dissolution are achieved when the
temperature in a bioleaching system is high, which has been attributed to slower rates
of passivation of chalcopyrite at higher temperatures and better leaching by using
thermophiles than using mesophiles (Abdollahi et al., 2014). From a historical
standpoint, a few bioleaching processes have been developed in the past few decades
with the aim of economically recovering copper from chalcopyrite. Some of these
processes are discussed in the following sections.
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Among some of the prominent bioleaching processes is the BacTech/Mintek process
which was applied to process feed ground to p80 of 75 µm (Tshilombo, 2004). The
BacTech/Mintek process used thermophiles for chalcopyrite in a two-stage ferric
sulfate leaching process (Cramer, 2003). The thermophilic bacteria were used in
counter-current reactors at temperatures of 25–55 °C and a pH of 0.5–2.5 was used.
Ambient air was used to provide carbon dioxide. Nutrients were added to the leach
liquor, and retention time was about 30 days. The thermophiles oxidised the sulfides
and the pregnant solution was treated by conventional solvent extraction–
electrowinning (SX-EW) for copper recovery. Typical recovery rates were 96.4% with
a residence period of six days (Wang, 2005). Fine grinding of the ore was also an
important factor for this process (Watling, 2013). The BacTech/Mintek process has
been applied at demonstration level in Mexico (Cramer, 2003).
In the BRISA (Biolixiviación Rápida Indirecta con Separación de Acciones: Fast
Indirect Bioleaching with Actions Separation) process, chalcopyrite concentrates were
leached in ferric sulfate with the addition of silver as a catalyst. The process was
carried out at 70 °C. A mixed culture of ferrooxidans bacteria was used to oxidise the
ferrous ions to ferric ions in the resulting leach liquor as shown in Equation (5). It was
suggested that to recover the added silver from the solids, NaCl was to be added to
create an acid-brine environment (Romero et al., 2003).
3

2Fe#$ + #O# + 2H $ → 2Fe,$ + H# O

(5)

The BioCOP process is a process owned by BHP (formerly BHP Billiton) and was
developed to treat copper concentrates that contain deleterious elements like arsenic
(Batty and Rorke, 2006). The process was carried out in a stirred reactor containing
dilute H2SO4 where air was blown in (Dresher, 2004). Limestone was added to
maintain the pH and supply CO2 required by the bacteria (Dresher, 2004). In this
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process, thermophilic bacteria were used for the operating conditions, where
temperatures of up to 80 °C were used (Batty and Rorke, 2006). The process has been
commercialised at Chuquicamata in Chile at the Alliance Copper plant (Cramer, 2003;
Dreisinger, 2006).
Another bioleaching process is the GEOCOAT process. In the GEOCOAT process,
the chalcopyrite concentrates are slurried before the thickened slurry is then coated
onto host coarse particles (6 -25 mm) (Watling, 2013). The GEOCOAT process has
been described as having combined advantages of the high recoveries obtained from
the reactor leaching of chalcopyrite concentrate with the lower capital cost of heap
leaching (Watling, 2013). The coated particles are the stacked into a pile to allow the
bio-oxidation to take place. Preferable conditions are high temperature conditions,
where thermophiles are then used (Harvey and Bath, 2007).
The bioleaching of sulfides such as chalcopyrite can be catalysed by several ions
including silver, bismuth and tin (Bellester et al., 1992). The catalytic effect of metal
ions will be discussed in greater detail in Section 1.7.
1.3.3

Pressure sulfate leaching of chalcopyrite

Several processes have been developed, which use pressure leaching in sulfate media.
The Total Pressure Oxidation process used water as the leach medium. In this process,
the sulfide sulfur was oxidised to sulfuric acid or sulfates. The barren solution from
electrowinning made slurry with the reground concentrates before the slurry was fed
to the first autoclave at 210-220 ºC and 700 kPa overpressure which was sparged with
oxygen (Wang, 2005). In this process, there is high oxygen consumption due to the
total conversion of sulfur to sulfate (Tshilombo, 2004). The copper was recovered by
conventional SX/EW (Tshilombo, 2004). A demonstration was constructed in
Baghdad, Arizona by Phelps Dodge (Wang, 2005).
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Another pressure sulfate leaching process was the Dynatec process. The chalcopyrite
concentrates were oxidised at 150 °C and a pressure of 10-12 atmospheres (Tshilombo,
2004). Low grade coal was used in this process to act as anti-agglomerate (Collins and
Kofluk, 1998.). The role of the coal was as a surfactant to disperse elemental sulfur
(Tshilombo, 2004). The sulfur resulting from this process is in elemental form (S0)
(Wang, 2005). The sulfur was removed by melting and filtration and any unreacted
sulfides were recovered by flotation (Tshilombo, 2004).
A process called the CESL process, owned by Cominco Engineering Services Limited
has been described as a mixed sulfate-chloride system with pressure oxidation
(Tshilombo, 2004). The CESL process is a two-stage process where chloride ions are
used as catalysts. The first stage involves a pressure oxidation leach. This is followed
in the second stage by atmospheric leaching of stage 1 residue after liquid-solid
separation (Jones, 1999). In the second stage, the recycled barren solution from the
SX/EW circuit was used as leaching medium (Tshilombo, 2004). In this process, most
of the sulfur residue remains in the elemental form (S0) (Wang, 2005). The unreacted
sulfides were recovered by flotation and the elemental sulfur was removed with
organic solvent. Associated precious metals were recovered by cyanidation
(Tshilombo, 2004).
The MT-DEW-SX (Medium-Temperature/Direct-Electrowinning/Solvent Extraction)
was developed by Phelps Dodge and is an extension of the Total Pressure Oxidation
process (Wang, 2005). The process involved the super-fine grinding of the
chalcopyrite concentrates before the concentrates were pressure leached at medium
temperatures (MT) of 140-180 ºC in sulfate media in an autoclave (Wilmot et al. 2004).
The leach solution was directly electrowon after solid-liquid separation to produce
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copper (Wang, 2005). The resulting electrolyte was then sent for solvent extraction
(SX) and the SX product sent to electrowinning cells (Wang, 2005).
A process called The Activox process was a mild pressure leaching process where fine
particles (p80 of 5-15 µm) were employed at 100-110 ºC with 1000 kPa oxygen in a
sulfate medium (Milbourne et al. 2003). The fine grinding employed in the process
increased the available surface area. The increase in the surface area resulted in an
increase in the copper leached (Tshilombo, 2004). The process has been demonstrated
at pilot plant level such as at Western Minerals Technology in Perth. The process was
developed for the treatment of sulfide concentrates that contained copper, nickel, zinc
and gold (Tshilombo, 2004).
A joint effort between Anglo American Corporation (AAC) and The University of
British Columbia (UBC) resulted in the development of the AAC/UBC process. The
AAC/UBC process is a combination of three processes namely; Albion, Activox and
Dynatec (Milbourne et al. 2003). The leaching was carried out in an autoclave at 150
ºC and an oxygen pressure of 700 kPa. A fine grind with p80 in the range of 10-20 µm
was used (Milbourne et al. 2003). In this process, it was found that the viscosity of
elemental sulfur formed on the surface decreased between 115–159 ˚C but increased
at temperatures above 159 ˚C. Surfactants were used to disperse the molten sulfur
(Tshilombo, 2004).
The Treadwell Process was developed up to pilot plant scale by the Treadwell
Corporation, working together with the Anaconda Company in the early 1970’s
(Habashi, 1979). The treatment of chalcopyrite was carried out with concentrated
sulfuric acid at about 200 ºC (Habashi 1979). The dissolution of chalcopyrite is
represented by Equation (6);
CuFeS# + H# SO6 → CuSO6 + FeSO6 + SO# + S+H# O
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(6)

The sulfur dioxide was recovered to produce sulfuric acid and in this way the pollution
effects were abated. The solid residue was then water leached to dissolve the sulfates.
Hydrogen cyanide (HCN) was then used to precipitate CuCN. FeSO4.nH2O was
crystallized before being decomposed to produce SO3, which was used as feedstock
for sulfuric acid production (Habashi 1979).
1.3.4

Atmospheric acidic leaching processes

Several leaching processes at atmospheric pressure were developed to varying levels
of success. One of the atmospheric acid leaching processes was the nitric acid leaching
process. Nitric acid has good oxidising properties and has been applied to chalcopyrite
processing before (Prasad and Pandey, 1998). It was a two-stage process developed by
Bjorling et al., (1976). The first stage involved leaching chalcopyrite in a mixture of
sulfuric acid and nitric acid. Sulfur produced as elemental sulfur was oxidised to
sulfate by oxygen (Prasad and Pandey, 1998). The second stage of the process
converted nitric oxide gas from the first stage back to nitric acid. Copper was recovered
as copper sulfate, which was co-precipitated with iron sulfate before these sulfates
were dissolved in water (Prasad et al., 1998). Iron was rejected as goethite to remain
with copper as sulfate.
Another atmospheric leaching process is the Albion process, owned by Mt Isa Mines
(Milbourne et al. 2003). It is a sulfate media process where the concentrates are finely
ground (p80 of 10-15µm). The process is an atmospheric leach which is carried out
under mild conditions with a temperature range of 85-90 °C (Milbourne et al. 2003).
Air or oxygen is also sparged into the system. The first commercial Albion Process
was commissioned near Kabwe Town in the Central Province of Zambia. It is reported
that 99% recovery was achieved in the Albion Process circuit of the processing plant
(Voigt et al., 2019)
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The Sepon process is another atmospheric leaching process with a copper plant located
in Laos. A predominantly chalcocite feed is leached at atmospheric conditions in a
sulfuric acid – ferric sulfate medium. The residue containing pyrite is floated and the
pyrite is pressure leached to produce the acid and ferric sulfate required for copper
leaching (Jain et al., 2010). The process is also described as being carried out by
atmospheric leaching of chalcopyrite concentrates using a sulfur acid/ferric sulfate
leach medium in a series of agitated open tanks (Kowalcuzuk and Chmieleswski,
2008). Copper recoveries of around 90% in the atmospheric leach step were also
observed.
Recently, a process called the Galvanox process was developed. The Galvanox process
is said to rely on the galvanic interaction between chalcopyrite and pyrite (Nazari et
al., 2011). It has been established that pyrite has a higher rest potential than
chalcopyrite (Majima, 1969). When these two sulfides are brought together into
electrical contact in a leaching solution, pyrite will act as a cathode whilst chalcopyrite
will act as both a cathode and an anode (Nazari et al., 2011). The additional cathodic
sites provided by pyrite will allow the reduction of ferric to ferrous ions to be speeded
up. The anodic surface area remains unchanged. In order to compensate for the rapid
reduction of ferric, higher dissolution of chalcopyrite will result (Nazari et al., 2011).
1.3.5

Microwave-assisted leaching of chalcopyrite

The pioneering work on the use of microwaves to convert copper sulfides such as
chalcopyrite to more leachable forms such as sulfates was reported in a patent in 1982
(Kruesi and Frahm, 1982). In these early studies, it was discovered that copper
minerals in the form of sulfides, oxides and silicates absorbed microwaves at 915 MHz
and 2.45 GHz, while other associated minerals or gangue minerals did not absorb
microwaves. It was reported that by irradiating ores containing copper sulfides in the
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presence of air or oxygen sufficiently to temperatures between 350 ˚C and 700 ˚C
resulted in a complete sulfation roast. The resulting copper sulfate could then be easily
leached before solvent extraction and electrowinning (Kruesi and Frahm, 1982). It was
reported that fine grinding of the ore was not necessary as particle sizes of around 13
mm (½-inch) were found to be suitable (Kruesi and Frahm, 1982).
Microwave irradiation was also done on a composite of Cobar copper concentrates
containing 24 % Cu, 29 % Fe and 33 % S and peat (85 and 15 % by mass respectively)
(Worner, 1990). The mixture, in the form of 2 cm pellets was irradiated in a 650 W
microwave. It was discovered that after 6½ minutes, the composite mixture was
completely reacted, with all the labile sulfur having been driven out. The copper in the
resulting mixture was completely leachable in a solution of ammonia and ammonium
carbonate (Worner, 1990). A number of different applications of microwaves to
different copper ores including chalcopyrite under different conditions are explained
thoroughly in a review by Al-Harahsheh and Kingman (2004). In most of the
references therein, it was evident that the irradiation of the minerals by microwaves to
the required temperatures resulted in better leaching than heating by conventional
means (Al-Harahsheh and Kingman, 2004). Walkiewicz et al. (1988) tested a few
natural minerals to determine how well they could be heated by microwaves. It was
reported that chalcopyrite could be heated excellently in a 1 kW, 2.45 GHz microwave,
achieving a temperature of 920 ˚C in 1 minute. It was also reported that minerals within
a matrix of gangue materials could be selectively heated by microwaves while the
gangue materials, which are transparent to microwaves will not be heated by
microwaves (Walkiewicz et al., 1988).
The influence of microwaves in leaching is believed to be a result of two effects (AlHarahsheh et al., 2005). The first was effect is thought to be due to the temperature
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gradients that exist between the solution at the surface of the solid particles and that of
the bulk solution. The solution at the surface is at a temperature that is much higher
than the measured temperature. The second effect of microwaves on chalcopyrite
leaching is believed to be the selective heating of chalcopyrite, which arises due to the
high conductivity of chalcopyrite which makes the chalcopyrite to then behave like a
metal (Al-Harahsheh et al., 2005).
Although the use of microwaves in the extraction of metals from ores has been studied
a great deal, this has not been widely applied on the industrial scale. According to AlHarahsheh and Kingman (2004), the reason for lack of acceptance could be due to the
poor understanding of the extent of influence of the microwaves. The cost of
microwaves, compared to conventional heating systems could also be a reason that
may limit the industrial application of microwaves (Walkiewicz et al., 1988).
However, the interest in microwave-assisted leaching is still there and research
continues to be carried out.
1.3.6

A comparison of chloride leaching with sulfate leaching of chalcopyrite

The leaching of chalcopyrite is more effective in chloride media than in the sulfate
media (Majima et al., 1985; Carneiro and Leao, 2007; Watling, 2014; Nicol and Zhang,
2016). It has been reported that the leaching rates in the presence of chloride are 4 to
5 times more in chloride media than in the sulfate media (Parker et al., 1981; Crundwell
2015). This is because of the much less reversible iron (III) sulfate reduction than iron
(III) or copper (II) chloride reduction on a corroding chalcopyrite surface (Parker et
al., 1981). Chloride leaching also offers some advantages that include enhanced redox
properties because cupric and cuprous ions can be stabilised as chloride complexes
(Watling, 2014), unlike in the sulfate media where the cuprous ions are not stable. It
has been proposed that although in the initial stages, dissolution is faster in chloride
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solutions than in sulfate solutions, the steady state dissolution rates are the same (Acero
et al., 2007).
Although leaching is faster in chloride solutions than in sulfate solutions, leaching in
chloride solutions results in several engineering challenges. One of the main
engineering challenges that is faced during the by leaching in chloride solutions
includes corrosion of equipment. Notwithstanding these engineering challenges,
investigations are still underway on full chloride based leach routes for chalcopyrite
leaching (Cramer, 2003; Nicol and Zhang, 2016; Nicol, 2017). The highly corrosive
nature of the chloride means that special materials of construction are required so that
corrosion is minimized (Watling, 2014). These special materials introduce extra costs
because such materials are expensive. In addition, hydrochloric acid is more costly
than sulfuric acid (Cordoba et al., 2008a). These reasons have encouraged further
investigation into the leaching of chalcopyrite in sulfate media.
While there is slow dissolution kinetics of chalcopyrite in sulfate media compared to
chloride media, there is continued interest in ferric sulfate leaching. This is because
established downstream technologies such as solvent extraction and electrowinning
can be easily applied, to obtain high-purity copper product (Dutrizac and MacDonald,
1974; Hackl, 1995; Dutrizac, 1989). On the other hand, it is difficult to obtain a highgrade copper product from electrowinning of chloride solutions (Watling, 2014).
Despite the apparent advantages presented by sulfate leaching, during leaching there
is a decline in the initial leaching rates of chalcopyrite due to the formation of a
passivating layer on the chalcopyrite surface (Hackl et al. 1995; Tshilombo, 2004;
Viramontes-Gamboa, 2006). The decline in the rate of leaching results in parabolic
kinetics (Parker et al., 1981). The exact composition of the surface layer responsible
for this kinetic behaviour is not agreed on, with several suggestions having been
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proposed by different researchers (Parker et al., 1981; Dutrizac, 1989; Yin et al., 1995;
Klauber et al., 2001). The different proposals will be discussed in more detail in
subsequent sections (Section 1.5). The ferric sulfate leaching mechanism of
chalcopyrite is generally agreed by most researchers to be as shown in Equations (7)
and (8) (Dutrizac and MacDonald, 1974).
#$
=
#$
CuFeS#(9) + 4Fe,$
(;<) → Cu(;<) + 2S(9) + 5Fe(;<)

(7)

CuFeS# + 4Fe,$ + 3O# + 2H# O → Cu#$ + 5Fe#$ + 2H# SO6

(8)

The leaching of chalcopyrite in ferric chloride solutions can be represented as given in
Equation (9).
CuFeS# + 4FeCl, → CuCl# + 5FeCl# + 2S 1

(9)

In reality however, the leaching of chalcopyrite occurs in steps, so that equations (7),
(8) and (9) can be considered to be the overall reactions (Cordoba et al., 2008a).
The products of equations (7) and (9) have led some researchers to believe that the
passivating layer on the chalcopyrite surface is elemental sulfur, So (Hackl, 1995). The
sulfur layer formed with ferric chloride leaching in equation (9) is said to be porous
and does not prevent further leaching whereas the sulfur layer formed by ferric sulfate
leaching as shown in equation (7) is dense and inhibits further leaching (Majima et al.,
1985; Dutrizac, 1989; Carneiro and Leao, 2007). It has also been reported that the
elemental sulfur produced in chloride leaching is a marketable product, unlike the
production of sulfate in the sulfate leaching (Watling, 2014). The sulfur layer produced
in sulfate media on the other hand does not allow the passage of the leach solution to
the unreacted chalcopyrite below. Because of this, the diffusion of the reactants and
products to and from the chalcopyrite reaction surface is slowed down significantly
(Dutrizac, 1989), rendering the leaching in sulfate media to be very slow.
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1.3.7

Summary

Various approaches have been used, all in a bid to improve the extraction of copper
from chalcopyrite by hydrometallurgical means. Several processes that have been
developed to different levels of success have been highlighted in the preceding
sections. The list of processes presented in the preceding sections is not exhaustive but
it gives an idea of how much effort has been put in trying to come up with an effective
process to extract copper from chalcopyrite. The level of success varied from process
to process. It is also believed that many of these processes were not designed with the
refractoriness of chalcopyrite in consideration (Debernardi and Carlesi, 2012). Some
of the processes listed in the preceding sections have poor copper recoveries, high
reagent costs and special reagents or process conditions may be required (Tshilombo,
2004). For these and other reasons, most of the above processes have not been applied
on an industry-wide commercial scale. It is also believed that some of these processes
have not managed to replace smelting due to economic factors as a result of intensive
milling, high corrosion as well as the requirement for specialized equipment for
application of high temperatures or pressures (Debernardi and Carlesi, 2012).

1.4

Factors affecting the reaction kinetics during sulfate leaching

There are several factors that affect the leaching kinetics of chalcopyrite leaching in
the sulfate media. The rate of dissolution of chalcopyrite reportedly increases with an
increase in the concentration of the oxidising agent (Antonijevic and Bogdanovic,
2004; Aydogan et al., 2006) and temperature (Hackl et al., 1995; Sokic et al., 2009;
Al-Harahsheh et al., 2008). It has also been reported that the type and speed of
agitation, particle size, acid concentration, oxidants and pulp density are also important

33

parameters that should be considered (Li et al., 2013). The effect of different
parameters will be discussed in Section 1.4.1 through to Section 1.4.7.
1.4.1

The effect of oxidant concentration

Many different potential oxidising agents have been tested as suitable candidates for
chalcopyrite leaching. However, ferric ions (Fe3+) are the best oxidising agent in acid
media (Dutrizac and MacDonald, 1974; Antonijevic and Bogdanovic, 1994; Hackl et
al., 1995; Cordoba et al., 2008a). Apart from Fe3+ ions, some of the other potential
oxidants include O2 (Nicol, 1984; Padilla et al., 2008), H2O2 (Harmer et al., 2006; Li
et al., 2010; Kaplun et al., 2011; Solis-Marcial and Lapidus, 2012; Eksteen et al., 2017;
Ruiz-Sánchez and Lapidus 2017; Hu et al., 2017).), sodium nitrate (Sokic et al., 2009),
Cu2+ (Hiroyoshi et al., 2000; Nicol et al, 2010; Solis-Marcial and Lapidus, 2014),
ozone (Havlik and Skrobian, 1990; Solis-Marcial and Lapidus, 2012; Solis-Marcial
and Lapidus, 2014; Moyo et al., 2015) and Cr6+ (Antonijevic and Bogdanovic, 1994;
Aydogan et al., 2006).
By far, Fe3+ ions have proved to be the most widely applied oxidising agents. Another
advantage of Fe3+ ions is the low cost compared to the other oxidants listed above. At
low concentrations (up to 0.1 M), Fe3+ ions have a great impact on the leaching rates
of chalcopyrite (Li et al., 2010; Kaplun et al., 2011; Hirato et al., 1987). At
concentrations below this value, an increase in Fe3+ concentration results in increased
leaching rates whilst increasing the concentration beyond this value has no effect on
the leaching rates (Hirato et al., 1987). Other studies have suggested that the Fe2(SO4)3
concentration should not exceed 0.1 M (Parker et al., 1981). Fe3+ concentrations in the
range 4-8 mM were reported to result in higher initial rates of leaching in sulfuric acid
solution but resulted in reduced leaching rates in later stages (Li et al., 2010; Kaplun
et al., 2011). Column leaching tests revealed that Fe3+ had no influence on chalcopyrite
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leaching (Antonijevic et al., 2004a). Koleini et al. (2011) observed the formation of
jarosite and elemental sulfur at high total initial iron concentrations. Experiments by
Nicol and Lazaro (2003) also detected the presence of a soluble sulfur phase on the
chalcopyrite surface.
A small quantity of cupric ions (Cu2+ < 0.1 g/L) has been found to have a positive
effect on the leaching rate in chloride solutions although higher concentrations of Cu2+
were found to have no apparent effect on the leaching rate (Nicol et al., 2010). This
appears to agree with the results obtained by Hiroyoshi et al. (2000) who suggested
the formation of an intermediate product chalcocite (Cu2S) in the presence of Cu2+ and
this intermediate product was said to leach more favourably than CuFeS2 at low
potential regions (around 560 mV versus SHE) (Hiroyoshi et al., 2000).
Apart from Cu2+, other potential oxidising agents have been explored. The leaching
rate of chalcopyrite was found to increase with an increase in the concentration of
H2O2 in sulfuric acid (Antonijevic and Bogdanovic, 1994). On the other hand, it was
found that the concentration of K2Cr2O7 had no obvious effect on the leaching rate on
a pulp density of 10 g/L and an oxidant concentration in the range 0.1-0.15 M
(Aydogan et al., 2006). It was also revealed that dichromate solutions result in faster
chalcopyrite dissolution than other oxidative leaching reagents such as Fe3+ and Cu2+
(Aydogan et al., 2006). During tests with dissolved oxygen, the results of experiments
conducted in hydrochloric acid at pH 3 showed that the dissolution rate of chalcopyrite
was independent of the dissolved oxygen content (Acero et al., 2007).
1.4.2

The effect of potential

The influence of potential is closely related to the effect of Fe3+. The impact of redox
potential on the leaching rate has been widely studied (Cordoba et al., 2008c; Li et al.,
2010; Kaplun et al., 2011). It is believed to be the most important factor in the leaching
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of chalcopyrite (Khoshkhoo et al., 2014). The solution potential is mainly determined
by ratio of Fe3+ and Fe2+ ions by the Nernst equation as shown in Equation (10);
E = E1 +

RT
aEFGH
ln C
J
F
aEFIH

(10)

However, it is also believed that the use of the Nernst equation may be limited due to
the formation of complexes by both Fe3+ and Fe2+ ions as this affects the concentration
of free Fe3+ and Fe2+ ions in solution (Yue et al., 2014). It was predicted from Eh-pH
diagrams that the Fe3+ ion is stable at low pH and high potential (Garrels and Christ,
1965). The leaching of chalcopyrite is strongly influenced by the Fe3+ ion
concentration but only at low concentrations (Cordoba et al., 2008c). According to
Viramontes-Gamboa (2007), chalcopyrite will always be in an active leaching stage at
potentials below 685 mV (SHE) in sulfuric acid media. When the potential increases
to values between 685 and 755 mV (SHE), chalcopyrite was said to be in a bistable
phase (Viramontes-Gamboa, 2007). This means that chalcopyrite can be active or
passive in this potential range, depending on how it is brought to that potential in the
first place. For potentials higher than 755 mV (SHE), chalcopyrite was observed to be
in the heavily passivated state (Viramontes-Gamboa, 2007).
There have been reports that high Fe3+ ion concentrations have no real effect on the
rate of dissolution of chalcopyrite (Linge, 1976; Debernardi and Carlesi 2012). It was
also proposed that the leaching rate of chalcopyrite is independent of iron
concentration in the range 0.01-0.5 M (Sandstrom et al., 2005). Nicol et al. (2010)
concluded that increasing the Fe3+ ion concentration beyond 0.1 M did not result in an
increase in the dissolution rate. It is also known that a continued increase in the Fe3+
ion concentration results in hydrolysis of ferric sulfate to generate jarosite precipitates
(Munoz et al., 2007a; Cordoba et al., 2008c). Yue et al. (2014) developed a
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thermodynamic model to simulate the speciation of the quaternary system H2SO4Fe2(SO4)3-FeSO4-H2O at varying conditions to predict the redox potential of the
Fe3+/Fe2+ couple. They tested the main species that included H+, Fe2+, Fe3+, SO42-,
FeHSO4+, FeSO40, Fe(SO4)2-, FeSO4+, Fe2O3 and H2O. The results showed that the
initial amount of Fe, pH, and nominal Fe3+/Fe2+ ratio as well as temperature heavily
dictated the species distribution (Yue et al., 2014). The model also showed that free
Fe3+ only represented a small percentage as most of the Fe3+ was present as complexes
or precipitates. On the other hand, most of the Fe2+ was present as free Fe2+. The model
predicted that the redox potential values were in the range 736-956mV (SHE) for
Fe3+/Fe2+ ratios 10:1, 100:1 and 1000:1 and the potentials increase with temperature
from 25 °C to 150 °C (Yue et al., 2014).
The presence of high concentrations of Fe3+ ions have been reported to cause the
formation of jarosites. Jarosites are reportedly responsible for hindering chalcopyrite
dissolution. The hydrolysis process that forms jarosites is associated with the
production of acid. The precipitation of hydronium jarosite for example, occurs
according to Equation (11). Jarosites will be discussed in greater detail in Section
1.5.1.3.
3Fe# (SO6 ), + 14H# O → 2(H, O)Fe, (SO6 )# (OH)L +5H# SO6

(11)

It is reported that at low potential, (620 mV vs SHE), better leaching is obtained than
at high potential (Sandstrom et al., 2005). At low temperatures (25 °C), chalcopyrite
was found to be passive in the potential range of 690-840 mV (SHE) whilst at higher
temperatures (65 °C) the chalcopyrite is passivated at 840 mV (Sandstrom et al., 2005).
The active to passive region was found to lie between 600 and 700 mV (SHE)
(Sandstrom et al., 2005). Ghahremaninezhad and co-workers performed several
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electrochemical impedance spectroscopy (EIS) studies and proposed a series of
experiments to explain how the potential influences the surface products on the
chalcopyrite (Ghahremaninezhad et al., 2010). The proposed equations and surface
products formed are shown in Table 4.
Table 4. Electrochemical reactions on the surface of chalcopyrite with potential increase (after
Ghahremaninezhad et al., 2010; Li et al, 2013).

Potential
(mV,
SHE)
<740
740-940

940-1060

Reaction

Surface
condition

CuFeS#(9) → Cu3(M Fe3(N S#(9) + xCu#$ + yFe#$ + 2(x + y)e( y ≫ x
Cu3(M Fe3(N S#(9) → Cu3(M(R S#(9) + zCu#$ + (1 − y)Fe#$
+ 2(z + 1 − y)e(
1
Cu3(M(R S#(9) → (1 − x − z)Cu#$ + 2S(9)
+ 2(1 − x − z)e( and
#$

CuFeS#(9) + 8H# O → Cu

,$

+ Fe

+ 2SO#(
6

$

Passive
Transpassive/
Passive
Active

(

+ 16H + 17e and/or

(
CuFeS#(9) + 3H# O → Cu#$ + Fe#$ + 2S# O#(
, + 8e

1060-1340
>1340

2CuFeS#(9) + 13H# O→0.75CuS +1.25Cu#$ +Fe# (SO6 ),(XXY) + 0.25SO#(
6 +
26H $ + 28e(
$
(
CuS(9) +4H# O→Cu#$ + SO#(
6 + 8H + 8e and

Pseudo-passive

Pseudo-passive

3Fe# (SO6 ), + (K, Na, H, O)# SO6 + 12H# O →
2( K, Na, H, O)Fe, (SO6 ), (OH)L(XXY) + 6H# SO6

From leach experiments conducted in the 0.2 M HCl media containing 0.5 g/L Cu2+,
it was found that the leach products depended on the solution potential (Nicol et al.,
2010). Potentials between 540 and 580 mV (SHE) were found to result in better
leaching, whilst in the potential range 550 to 620 mV (SHE), the chalcopyrite was
thought to be in the active-to-passive transition range (Nicol et al., 2010). Increasing
the potential beyond 630mV was found to result in low dissolution rates (Nicol et al.,
2010). In a borax alkaline solution at pH 9.2, cyclic voltammetry and XPS were used
to show the formation of CuS2 and CuFe1-xS at potentials below 640 mV (SHE), Fe2O3
in the range 640-940 mV (SHE) and CuFeO2 from 940 to 1040 mV (SHE) (Velasquez
et al., 1998). In studies that were carried out in chloride media, the results by
Velasquez-Yevenes et al. (2010a) indicated that better leaching of chalcopyrite was
achievable in a potential window between 560-600 mV (SHE). Lower extractions were
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achieved at 540 mV and at 620 mV. The lower extraction at 540 mV was attributed to
the stability of covellite at this low potential, while the mineral became passivated at
the higher potential of 620 mV (Velasquez-Yevenes et al., 2010a). It was therefore
concluded that the rate of dissolution of chalcopyrite is dependent on the potential
(Velasquez-Yevenes et al., 2010a).
Copper recoveries exceeding 80% were obtained from concentrates when the redox
potential was set at about 610 mV (SHE) in a sulfuric acid solution (Koleini et al.,
2011). In earlier studies by Hiroyoshi et al. (2001), it was reported that there was
improved copper leaching when the potentials were kept below 560-600 mV (SHE)
(Hiroyoshi et al., 2001). The model suggested by Hiroyoshi et al. (2002) proposed that
cupric ion extraction due to direct oxidation with the Fe3+ or oxygen (as indicated by
the reactions (7) and (12)) is very slow at high potential;
CuFeS# + 4H $ + O# → Cu#$ + Fe#$ + 2S + 2H# O

(12)

Hiroyoshi and co-workers instead, suggested that better extraction was achieved at
lower potential due to the reduction of chalcopyrite by Fe2+ ions in the presence of
Cu2+ ions to yield an intermediate chalcocite (Cu2S). The intermediate Cu2S was
believed to be immediately oxidised by the Fe3+ ions or dissolved oxygen with the
release of cupric ions as shown in the reactions (13), (14) and (15) (Hiroyoshi et al.,
2002).
CuFeS# + 3Cu#$ + 3Fe#$ → 2Cu# S + 4Fe,$

(13)

Cu# S + 4Fe,$ → 2Cu#$ + 4Fe#$ + 2S

(14)

Cu# S + 2O# + 4H $ → 2Cu#$ + 2H# O + S

(15)
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The intermediate Cu2S formed is believed to get oxidised faster than chalcopyrite
which is then accompanied by faster copper extraction at lower values of potential
(Hiroyoshi et al., 2002). Hiskey (1993) presented a few possible ways through which
the chalcocite forms electrochemically. These are presented in Table 5. It is evident
from the equations listed in Table 5 that different leaching intermediates are probably
formed and that during the cathodic scans there is production of H2S.
Table 5. Mechanisms of initial chalcopyrite dissolution (after Hiskey, 1993).

Intermediate
Cu5FeS4 and
S0

6CuFeS# → Cu_ FeS6 + Cu#$ + 5Fe#$ + 8S1 + 12e(

CuS and
S0

4CuFeS# → 3CuS + Cu#$ + 4Fe#$ + 5S1 + 10e(
,
,
3CuS + 3H$ +3e( → #Cu# S + #H# S

*, #

Reactions
$

(

Cu_ FeS6 + 3H + e →

_
Cu# S+Fe#$
#

+

∗

,
H S
# #

#

(16)
(17)

(18)
(19)

CuFeS4

2CuFeS# → CuFeS6 + Cu#$ + Fe#$ + 4e(
2CuFeS6 + 14H$ + 10e( → Cu# S+ Fe#$ + 7H# S

(20)
(21)

CuS2

CuFeS# → CuS# + Fe#$ + e(
2CuS# + 6H$ + e( → Cu# S+3H# S

(22)
(23)

S0 immediately forms H2S by reaction with H+

Careful control of the oxidation-reduction potential (ORP) at a low value results in
improves leaching of chalcopyrite (Watling, 2013). There is a sizeable number of ORP
control strategies have been investigated with the aim of maintaining the ORP at the
required value. Some of these strategies are summarised in Table 6.
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Table 6. Different ways employed for ORP control

Target ORP,

Applied strategy to achieve ORP

Reference

540-660 mV

Initial addition of thiosulfate and

Bruynestein et al. (1986)

in slurry

cupric ions.

635 mV

Controlled addition of potassium

Kametani and Aoki

permanganate

(1985)

Potassium permanganate with

Sandstrom et al. (2005)

mV (SHE)

635 mV

reduced air flow and addition of
sodium sulfide
580 mV*

Limiting oxygen

Third et al. (2002)

620 mV

Limiting O2 by enrichment of air with

Gericke et al. (2010)

0.3 % CO2
600-625 mV
<550 mV*

Electrochemical control
§

Ahmadi et al. (2010)

Limiting the concentrations of

Lastra and Budden

oxygen

(2002)

§

Biological oxidation of
ferrous ions

*reference electrode not specified.
1.4.3

The effect of pH

The most widely used acid as a lixiviant is H2SO4 (Hiroyoshi et al., 2004; Padilla et
al., 2008; Adebayo et al., 2003; Senanayake, 2009, Li et al., 2013). The leaching of
chalcopyrite is effective at low pH within a narrow pH range. This pH range is when
the Fe3+ ions are stable, which has been predicted by the Pourbaix diagrams (Garrels
and Christ, 1965; Dutrizac and MacDonald, 1974). The Pourbaix diagram is shown in
Figure 6. According to Figure 6, the dissolution of chalcopyrite is expected to happen
at low pH (lower than 4) and at potential greater than 0.4 V. Chalcopyrite undergoes
dissolution through a series of intermediates which are increasingly richer in Cu
(Cordoba et al., 2008a).
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Figure 6. Pourbaix diagram for the CuFeS-H2O system at 25 °C (after Garrels and Christ,
1965).

However, it has also been pointed out that Pourbaix-type diagrams may present some
problems if they are applied directly to kinetic systems due to the possibility of
formation of intermediate phases (Hiskey and Wadsworth., 1981). This is because; the
kinetics of formation of these intermediate phases cannot easily be predicted (Hiskey
and Wadsworth, 1981). Nevertheless, at high pH Fe3+ ions start to hydrolyse to iron
oxyhydroxides and jarosites as shown in Figure 10. Therefore, a low pH is preferred
to avoid hydrolysis and precipitation of Fe3+ salts (Cordoba, 2008a; Li et al., 2013). In
his comprehensive review, Klauber (2008) indicated that jarosites are inevitably
formed because of long periods of leaching of chalcopyrite. Jarosite formation depends
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on temperature, pH and solution potential. Jarosite formation is favoured within a
narrow pH range (Klauber, 2008).
It has been suggested that a low pH (pH<0.5) promotes chalcopyrite passivation due
to a competition between Fe3+ and H+ which results in an Fe-deficient surface
(Antonijevic and Bogdanovic, 2004). This effect was found to be more pronounced
for very concentrated acids (3-5 M) (Antonijevic and Bogdanovic, 2004). The optimal
acid concentration has been suggested as 0.1-1.0 M (Dreisinger and Abed, 2002). This
agrees with the proposals by Adebayo et al. that dissolution rate increased with
increased H2SO4 below 1.0 M (Adebayo et al., 2003). Once a jarosite seed forms, it
enhances the rate of jarosite precipitation.
It has been reported that HCl is more effective for chalcopyrite leaching than H2SO4
(Dreisinger and Abed, 2002). H2SO4 has been said to be less effective because there is
reduced activity of Fe3+ due to the formation of FeSO$
6 (Chandra, 2010). Because of
this, there are less Fe3+ ions available in solution. It has been observed that the presence
of the Cl- promotes leaching but at 35 °C and 560-600 mV (SHE), but high
concentrations are not necessary (Nicol et al., 2010).
1.4.4

The effect of temperature

The effect of temperature on the dissolution of chalcopyrite has been difficult to
characterise due to the presence of secondary copper mineralisation, which affects the
kinetic data (Velasquez-Yevenes et al., 2010b). For most chemical controlled
processes, it is known that an increase in temperature by only a few degrees results in
increased rates of reaction (Li et al., 2013; Dreisinger and Abed, 2002). The kinetics
of leaching can be said to be diffusion controlled rather than chemically controlled if
the temperature dependence is weak and with only a mild effect of agitation speed
(Dreisinger and Abed, 2002). Determination of the activation energy of chalcopyrite
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dissolution can be used to determine the dominant leaching mechanism (Kaplun et al.,
2011).
In the study of temperature dependence by Majima et al. (1985), it was concluded that
the dissolution rate of chalcopyrite increases with an increase in temperature. An
increased leaching rate of chalcopyrite dissolution was also observed with an increase
in temperature (Liu et al., 2015). Although high temperatures are necessary for
chalcopyrite dissolution, high energy consumption in achieving such temperatures
may not be economically feasible. In acidic chloride leaching, it was observed that
increasing the temperature from 60 to 70 °C resulted in increased kinetics whereas
increases from 70 to 90 °C resulted in a stable leaching rate (Dreisinger and Abed,
2002). It is quite possible that leaching rates are limited by oxygen mass transfer rates
at elevated temperatures due to reduced oxygen solubility. The dissolution rate in 1.5
M H2SO4 was found to increase from 28% to 70% within 240 minutes by increasing
the temperature from 70 °C to 90 °C (Sokic et al., 2009). Within the temperature range
of 35 °C to 68 °C, significant increases in leaching rate were also observed by Cordoba
et al. (2008a) where the Cu leached increased from 3% to 80% after leaching for 13
days. However, Nicol and Lazaro (2003) pointed out that in ferric sulfate solutions,
the dissolution rates were significantly reduced over long leach periods (10-20 hours)
if the temperature was kept below 80 ºC.
Temperature effects on the leaching rate can generally be expressed by the Arrhenius
law;
(c

R = Aede

(24)

Where, A is a preexponential term, E is the apparent activation energy (kJ/mol) of the
leaching reaction, R is the universal gas constant (kJ/mol. K) and t is the absolute
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temperature (K) (Acero et al 2007). The activation energies obtained in various studies
on chalcopyrite leaching are given in Table 7.
Table 7. The apparent activation energy for chalcopyrite leaching (after Acero et al., 2007)

Leaching

Temperature

Apparent activation

medium

(°C)

energy (kJ/mol)

Fe2(SO4)3 +

Reference

50-94

71±13

Dutrizac et al. (1969)

S

20-112

84

Munoz et al. (1979)

S, C

30-100

42-46

Dutrizac (1981)

C

80-100

62

Palmer et al. (1981)

S

70-110

30

Le Houillier and Ghali

H2SO4

(1982)
C

75-97

64

Lin and Sohn (1987)

C

10-33

9

Colak et al. (1987)

C

30-90

15

Saxena and Mandre (1992

C+S

60-95

48

Lu et al. (2000)

S

30-80

39

Adebayo et al. (2003)

S

25-50

60

Antonijevic et al. (2004b)

H2SO4 +

50-97

24

Aydogan et al. (2006)

25-70

32±5

Acero et al. (2007)

K2Cr2O7
C

S=sulfate media; C=chloride media

The activation values given in Table 7 have a wide range of values from 9 to 80 kJ/mol.
This indicates that it is not obvious whether chalcopyrite is diffusion controlled or
chemically controlled under different conditions. In fact, the dissolution of
chalcopyrite is based on three kinetic models; diffusion, surface reaction and a mixed
kinetic model which simultaneously take place (Aydogan et al., 2006). Diffusion is
thought to occur through an elemental sulfur layer or a different intermediate product
on the chalcopyrite surface (Aydogan et al., 2006).
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1.4.5

The effect of agitation

There is some evidence that the oxidation rate of chalcopyrite on H2SO4 media is
independent of stirring speed and this suggests that the mechanism is not bulkdiffusion controlled (Antonijevic and Bogdanovic, 2004). Dreisinger and Abed (2002)
also determined that leaching of chalcopyrite is independent of agitation speed. In that
study, high agitation speeds were deemed to inhibit sufficient contact between solid
particles and the metal sulfide and reducing agent, and therefore preventing efficient
galvanic contact. This agreed with an earlier proposal by Dutrizac that chalcopyrite
dissolution in either ferric sulfate or ferric chloride media was independent of the
stirring speed (Dutrizac, 1989). However, Sokic et al., (2009) observed a slight drop
in leaching rate as the stirring speed increased in H2SO4 with added NaCl. In an
investigation of chalcopyrite leaching in a solution of H2SO4 + H2O2, it was considered
necessary to stir the pulp only occasionally, as H2O2 decomposition increases with
increased stirring (Adebayo et al., 2003). The decomposition of peroxide is favoured
by increased stirring, with increased formation of molecular O2, which may impede
contact between mineral surface and lixiviant (Adebayo et al., 2003).
It has also been reported that in an H2SO4 + K2Cr2O7 medium, dissolution rate
increased with an increase in stirring rate, up to 400 rpm, after which the dissolution
rated fell dramatically with increases in stirring speed (Aydogan et al., 2006). In acidic
chloride solutions, the Cu dissolution rate was found to be higher when magnetic
agitation was applied than with mechanical agitation (Nicol et al., 2010). It was
proposed that magnetic agitation provided more abrasion among particles and as a
result mechanical agitation was preferred as it did not cause much abrasion during
stirring (Nicol et al., 2010).
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1.4.6

The effect of particle size

On an industrial scale, parameters such as power consumption, reactor design and
other preparation processes prior to leaching are determined by the particle size to
which the mineral is ground or milled (Dreisinger and Abed, 2002). It is known that
as the particle size decreases, the leaching rate increases (Adebayo et al., 2003;
Antonijevic et al., 2004b; Sokic et al., 2009; Li et al., 2013; Nicol et al., 2010). The
particle size was found to have no effect on the leaching of chalcopyrite in both ferric
chloride and ferric sulfate media (Dutrizac, 1981). In a separate study, it was found
that the reaction kinetics were independent of particle size in the range 49-89 µm
(Padilla et al., 2008). It has been stated that problems in reporting results of dissolution
rates have resulted from incorrect characterisation of the surface area (VelasquezYevenes et al., 2010b). Their results indicated that the dissolution rate of chalcopyrite
increased with a decrease in the particle size (Velasquez-Yevenes et al., 2010b). In the
leaching of chalcopyrite in H2SO4 in the presence of K2Cr2O7, it was found that copper
extraction improved when the size was smaller than 75 µm (Aydogan et al., 2006).
1.4.7

The effect of sulfur chemistry

The complexity of the sulfur chemistry is believed to have an influence on the solution
chemistry during chalcopyrite leaching. For instance, the chemistry of polythionates
in low pH solutions is essential in assessing the role played by sulfur species in the
oxidation of metal sulfide minerals to sulfate (Schippers and Sand, 1999; Druschel et
al., 2003). This is because during reactions where sulfides are converted to sulfates,
there is formation of a wide range of thiosalts, also known as polythionates which form
as intermediates (Miranda-Trevino et al., 2013). These thiosalts have a general
structure that can be represented as SnOm2-. The salts which are considered as the most
important ones identified in acid mine drainage (AMD) are thiosulfate (S2O32-),
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trithionate (S3O62-) and tetrathionate (S4O62-) (Tan and Rolia, 1985; Miranda-Trevino
et al., 2013). Other thiosalt species include dithionate (S2O62-), pentathionate (S5O62-),
and hexathionate (S6O62-). These thiosalts are usually considered to be intermediate
sulfur species and their reactivity is governed by several factors such as temperature,
pH and oxygen (Miranda-Trevino et al., 2013; Druschel et al., 2003). In addition, the
presence of other thiosalts, metals and microorganisms also influence the reactivity of
thiosalts (Miranda-Trevino et al., 2013). There have been reports that there is a direct
relationship between the amount of sulfide present and the amount of total thiosalts
produced in a process (Miranda-Trevino et al., 2013).
Different studies have been conducted, all with the aim to gain a better understanding
of the sulfur speciation and chemistry in different environments. These environments
have ranged from environmental studies such as in volcano crater lakes and in runoff
from excavated sites (Miranda-Trevino., 2013), and metallurgical studies of leaching,
flotation, electrowinning and electro-refining (Schippers and Sand, 1999). The
bioleaching of metal sulfides was reported to occur through two indirect leaching
mechanisms; via thiosulfate or polysulfides and sulfur (Schippers and Sand, 1999).
For example, the oxidation of pyrite has been identified to proceed through a series of
stages where thiosulfate was identified as the first thiosalt product (Schippers and
Sand, 1999; Rimstidt and Vaughan, 2003). The proposed mechanism of pyrite
oxidation was summarised as shown in Equations (25) to (30):
FeS# → FeS#$ + e(

(25)

FeS#$ + H# O → FeS# OH + H $

(26)

FeS# OH → FeS# O + e( + H $

(27)
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FeS# O → FeS# O# + 2e( + H $

(28)

FeS# O# → FeS# O, + 2e( + 2H $

(29)

FeS# O, → FeS# + S# O#(
,

(30)

Additional sulfur species that are possibly formed from pyrite oxidation include
trithionates (S3O62-), tetrathionates (S4O62-) and sulfate (SO42-) (Williamson and
Rimstidt, 1992). However, thiosulfate is not stable at low pH and it readily forms
tetrathionate (Miranda-Trevino et al., 2013) according to:
,$
#$
S# O#(
→ FeS# O$
+ S6 O#(
, + 2Fe
, → 2Fe
L

3

#(
$
S# O#(
(pyrite catalysed)
, + #O# + 2H → H# O + S6 OL

(31)
(32)

The pH of the process environment influences the types of thiosalts that are likely to
form. Thiosulfates are more likely to form than polythionates at pH 9.4-10.7 (Tan and
Rolia, 1985). At near-neutral pH, thiosulfate and trithionate are dominant while, sulfur
is metastable in acidic and weakly alkaline media (Miranda-Trevino et al., 2013). At
low pH, the thiosulfate generates tetrathionate (S4O62-) in the presence of oxidising
agents such as oxygen (Miranda-Trevino et al., 2013). At relatively high temperatures,
tetrathionate can be subject to sulfite degradation in slightly acidic to alkaline media
with the formation of trithionate and thiosulfate (Mizoguchi et al., 1976) as shown in
Figure 7. Alternatively, this transformation can be represented by Equation (33):
(
#(
#(
$
S6 O#(
L + HSO, → S, OL + S# O, + H
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(33)

Figure 7. The pathway of disproportionation of low valence sulfur oxyacids under acidic
conditions (After Mizoguchi et al., 1976)

The reaction pathway proposed by Mizoguchi et al. (1976) as given in Figure 7 can
generally be used to understand how the low valence sulfur oxyacids decompose as
well as how the intermediates form under acidic conditions and relatively high
temperatures.
In the presence of Cu2+ and at low pH and low thiosulfate concentrations, most of the
thiosulfate degrades to sulfate (Miranda-Trevino et al., 2013). It was however reported
that this reaction occurred via the formation of tetrathionate, a reaction that has a
different reaction rate to that for direct oxidation of thiosulfate to sulfate. The pathway
was summarised as shown in Equation (34).
m;9Y

9p=q

#(
#(
S# O#(
, no S6 OL n⎯o SO6
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(34)

The wide range of possible sulfur species that is potentially present in a leaching
system highlights the huge impact that the chemistry of sulfur may have on
chalcopyrite leaching. It is important to understand the sulfur products that are present
in a system and how such sulfur compounds affect chalcopyrite leaching.
1.4.8

Summary

Numerous factors affect the leaching of chalcopyrite in different ways. For example,
several oxidising agents can be potentially used for chalcopyrite leaching. However,
Fe3+ ions have been identified as the best oxidising agent. It has not been established
what the optimum concentration of the oxidising agent should be because different
experimental conditions have been applied in various studies. The solution potential
has also been identified to have a strong influence on the leaching of chalcopyrite. The
solution potential is related to the ratio Fe3+/Fe2+ ratio. A high Fe3+/Fe2+ ratio can help
raise the solution potential according to Nernst equation. However, an excess
concentration of Fe3+ may also have a negative effect on the leaching of chalcopyrite
as it may create the conditions suitable for the precipitation of Fe compounds such as
jarosite.
The solution potential is also critical because this will determine the equilibrium of
different species. For example, thermodynamics predict the leaching of chalcopyrite
is effective at low pH within a narrow pH range where Fe3+ is most stable. The leaching
of chalcopyrite is enhanced by an increase of temperature. Significant increases in the
Cu extraction have been observed by increasing the temperature. Agitation has not
been found to have a significant effect on the chalcopyrite leaching. As a result, many
studies have concluded that the leaching of chalcopyrite is not diffusion controlled.
Particle size has been observed in many studies to have a huge effect on the leaching
of chalcopyrite. The leaching rate increases with a decrease in particle size. However,
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it is also widely known that power consumption in size reduction is quite expensive.
As such, it is not always a practical option to apply fine grinding to the ores.
The chemistry of sulfur is hard to predict and this makes it difficult to predict the
leaching products which are most likely formed under different conditions.

1.5 Chalcopyrite leaching mechanisms in sulfate media
The leaching of chalcopyrite is regarded as a reaction with anodic and cathodic half
reactions. Therefore, electrochemical measurements can be useful in determining
reaction mechanisms of chalcopyrite leaching and to define the steps in the reaction
mechanism. The anodic and cathodic reactions that occur during the dissolution of
chalcopyrite are considered to occur independently of each other. During leaching in
the presence of ferric ions, chalcopyrite is oxidised while the ferric ions are reduced.
Given such a scenario, the leaching process of chalcopyrite can be described by an
electrochemical mechanism (Majima et al., 1985; Tshilombo, 2004). There are three
possible processes which occur to produce current when chalcopyrite is in the presence
of ions of iron and copper (Debernardi and Carlesi, 2012). These are chalcopyrite
oxidation, ferric/cupric ion reduction on the surface of the mineral and ferrous/cuprous
ion oxidation on the surface of the mineral (Debernardi and Carlesi, 2012).
Biegler and Horne (1985) indicated that the passivation of chalcopyrite occurs at low
potentials. A change in redox potentials of the solution affects the leaching rates
(Majima et al., 1985; Hiroyoshi et al., 2008). The rate of chalcopyrite leaching
increases to a maximum at the optimum redox before it falls again (Hiroyoshi et al.,
2008). To achieve high rates of chalcopyrite leaching, the aim is to control the solution
redox potential so that it is at the optimum value. It has been reported that the leaching
rate of chalcopyrite in acidic ferric/ferrous sulfate solutions increases with potential of
the solution up to a certain value known as the passivating potential, Epp (Viramontes52

Gamboa et al., 2006). When the potential is higher than Epp, the chalcopyrite leaching
rate falls suddenly and remains low and the chalcopyrite is regarded as being in the
passive state.
The range of potentials where chalcopyrite exhibits different characteristics is usually
divided into three regions; the prewave region, the passive region and the transpassive
region (Gomez et al., 1996). The prewave zone is the small range of potentials where
the initial surface oxidation takes place. In the prewave zone, a thin atomic layer of
atoms near the surface are involved in the reactions. On the anodic polarisation curve,
the prewave zone normally appears with an increase in current which reaches a peak
and begins to fall. Biegler and Horne (1985) found that the prewave indicates an
oxidation reaction of a thin layer of chalcopyrite. They suggested the product layer of
prewave is 3 nm thick and is not a result of surface oxidation during electrode
preparation.
The passive zone is normally a potential region on the anodic polarisation curve which
follows the prewave zone. The passive zone is a flat zone with little current increase
as the potential increases (Gomez et al., 1996). However, a continued increase in
anodic potential will eventually result in an increase of the anodic current. The increase
in the anodic current indicates active mineral dissolution. This zone where the
chalcopyrite becomes active again after having experienced a passive region is called
the transpassive zone (Gomez et al., 1996).
When the leaching of chalcopyrite takes place at solution potentials from 0.610 V to
0.890 V (versus SHE), the sulfur in chalcopyrite is elemental sulfur (Kametani and
Aoki, 1985). The passivation of chalcopyrite (passive zone) occurs at low potentials
in the range 0.7–0.8 V (versus SHE) and at higher potentials (1-1.2 V) or in the
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transpassive zone the reactions proposed by Biegler and Horne (1985) are Equations
(7) and (35):
$
(
CuFeS# + 8H# O → Cu#$ + Fe,$ + 2SO#(
6 + 16H + 17e

(35)

It has been suggested that there is greater copper extraction from chalcopyrite with
Fe2+ than with Fe3+ (Hiroyoshi et al., 2000). Hiroyoshi et al. (2000, 2001) proposed a
reaction model to interpret why the leaching of chalcopyrite is promoted by high
concentrations of Fe2+ ions in sulfuric acid solutions containing cupric ions. According
to the model, the redox potential of the solution controls the dissolution of Cu from
chalcopyrite. At lower potentials (or high ferrous ion concentration) copper dissolution
is enhanced. However, the Cu2+ concentration should be sufficiently high for Fe2+ ions
to promote chalcopyrite leaching. The model suggests that chalcopyrite undergoes a
series of transformations represented by:
dFstuYv=w

=Mvs;Yv=w

CuFeS# n⎯⎯⎯⎯⎯⎯o Cu# S n⎯⎯⎯⎯⎯o Cu#$

(36)

According to Hiroyoshi et al. (2000, 2001) the reduction of chalcopyrite proceeds
according to the following series of equations:
CuFeS# + 3Cu#$ + 3Fe#$ → 2Cu# S + 4Fe,$

(37)

Cu# S+4H $ + O# = 2Cu#$ + S 1 +2H# O

(38)

Cu# S + 4Fe,$ = 2Cu#$ + S 1 + 4Fe#$

(39)

Cu2S is oxidised by dissolved oxygen (Equation (38)) and/or Fe2+ ions (Equation (39))
to form Cu2+ ions (Hiroyoshi et al., 2002). The intermediate Cu# S is more easily
oxidised than chalcopyrite and in the presence of high concentrations of Fe2+ and Cu2+
ions, the extraction of copper is enhanced. However, the results of the work by
Yevenes et al. (2010b) did not support the mechanism by Hiroyoshi et al. (2000). The
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mechanism by Hiroyoshi et al., (2002) was also questioned because it suggests that
Fe2+ acts as a reducing agent and simultaneously Fe3+ acts as an oxidising agent and
this is deemed to be highly unlikely (Nicol et al., 2010). The mechanism is also said
to be questionable because, the oxidation of Cu2S would have to go through the
intermediate CuS, which is not feasible because CuS has a more positive equilibrium
potential than Cu2S as shown in Equations (40) and (41) (Nicol et al., 2010).
CuS = Cu#$ + S + 2e(

E = = 0.63 V

(40)

Cu# S = 2Cu#$ + S + 4e(

E = = 0.56 V

(41)

Another possible chalcopyrite leaching mechanism is the non-oxidative mechanism
which was proposed by Lazaro and Nicol (2003). In this mechanism, it is stated that
at potentials lower than 0.4 V (versus SHE), the chalcopyrite is attacked by protons as
shown by Equation (42).
CuFeS# + 4H $ → 2H# S+Cu#$ + Fe#$

(42)

This process is followed by the oxidation of H2S by Fe3+ as indicated by Equation (43).
2H# S + Fe,$ → Fe#$ + 4H $ + 2S 1

(43)

Klauber (2008) proposed that the leaching of chalcopyrite can be summarised as a
four-step dissolution model (Figure 8). Klauber (2008) proposed that the initial stage
(Stage 1) is characterised by high copper dissolution. This is when the surface is a
“fresh chalcopyrite surface”.
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Figure 8. The conceptual 4 stage model describing chalcopyrite dissolution (After Klauber,
2008).

According to Klauber’s conceptual 4-stage model, Stage 2 is when a thick overlayer
of elemental sulfur forms. In this stage, the rate of copper dissolution is slow due to
slow diffusion due to the elemental sulfur. According to Olvera et al. (2014), the rate
of dissolution of passivated chalcopyrite is controlled by diffusion within the passive
film. From the 4-stage model, the S layer can peel off at the right conditions during
stage 3. When this happens, the rate of Cu dissolution suddenly increases due to the S
layer that has been removed. If Fe content or pH is not controlled, jarosite may form.
When the jarosite precipitates around chalcopyrite particles, the curve in Stage 4
becomes parabolic indicating a fall in the rate of the Cu dissolution because of
limitations in mass transport. Apart from coating the chalcopyrite surface; jarosite is
undesirable as it can form in the pore structures, thus making the heap in heap leaching
less porous (Klauber, 2008). According to this argument, the leaching rate is supposed
to remain high if there is no precipitation of jarosite due to tighter iron and pH control.
Although Klauber’s model argues that the passivation of chalcopyrite is due to
elemental sulfur, many studies dispute that elemental sulfur passivates chalcopyrite.
These arguments will be looked at in greater detail in Section 1.5.1.1.
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As discussed previously in Section 1.4.2, the solution redox potential also influences
the formation of jarosite on the chalcopyrite surface. The jarosite layer which forms
on the chalcopyrite surface prevents the transportation of both electrons and ion
species, resulting in passivation of the chalcopyrite surface. The formation of jarosite
is a result of the redox potential becoming higher than the “critical value” which lies
between 0.597 and 0.697V (versus SHE) (Cordoba et al., 2008a). The precipitation of
iron species such as jarosite occurs so that the system reaches equilibrium. In practice
however, the ferric concentration, hence redox potential is hard to control. The
formation of jarosite occurs according to:
$
$
3Fe,$ + 2SO#(
6 + 6H# O+M = MFe, (SO6 )# (OH)L + 6H

(44)

Where M = K $ , Na$ , NH6$ , or H $ (Watling, 2006).
In addition to the possible formation of jarosite on the chalcopyrite surface, Cordoba
et al. (2008a) proposed that chalcopyrite dissolves according to the equation:
CuFeS# + 2Fe,$ → CuS + 3Fe#$ +S 1

(45)

CuS is the intermediate product formed. The CuS is only formed at low redox
potentials. This is followed by the reaction;
CuS + 2Fe,$ → Cu#$ + 2Fe#$ + S 1

(46)

Equations such as the two shown above, where intermediate phases such CuS appear
to form have led many researchers to believe that phases such as CuS are responsible
for the passivation of chalcopyrite. The different phases observed on the chalcopyrite
surface during or after leaching are quite numerous. It is necessary to resolve the
mechanism of chalcopyrite leaching and relate the surface phases to the slowing down
of chalcopyrite leaching rates. During leaching, chalcopyrite dissolves incongruently;
with iron leaching out faster than copper, giving rise to an iron-deficient structure,
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whose structure and properties are not well understood (Acero et al., 2007). This
leaching behaviour has been likened to the dealloying process (Lazaro and Nicol,
2003). It was shown that in the initial stages of leaching, the released Fe/Cu ratio
decreased with a temperature increase (Baur et al., 1974). The resulting nonstoichiometric sulfide is sometimes believed to be responsible for the slow leaching of
chalcopyrite. Some of the solid oxidation products are responsible for the slow transfer
of electrons and transport of ions between the chalcopyrite and the species at the solidliquid interface (Parker et al., 1981; Watling, 2013). However, the reactions which
result in passivation were demonstrated to be reversible in some chloride medium tests
(Velasquez-Yevenes et al, 2010a) unlike in sulfate media where they are deemed to be
irreversible. The restoration of potential to the suitable potential window (560-600
mV) was found to reverse the passivation effects (Velasquez-Yevenes et al., 2010a).
Some studies have argued that the surface product which form during chalcopyrite
leaching is not passivating (Acero et al., 2007). Acero et al. (2007) argued that if
passivation occurred then a steady rate of chalcopyrite leaching would not be observed.
The argument was that if indeed passivation occurred, then the dissolution would cease
to take place completely (Acero et al., 2007). The explanation offered was that possibly
the surface product was porous and did not uniformly cover the chalcopyrite surface
(Acero et al., 2007).
According to Hiskey (1993), the electrochemical behaviour of chalcopyrite suggests
the existence of two potential regions i.e. the passive region (0.6 to 0.8 V vs SHE) and
the transpassive region (1.0 to 1.2 V vs SHE). Figure 9(a) shows the potential-current
relationship for a dissolution process which involves passivation. An initial increase
in potential results in an increase in the anodic reaction rate as represented by the
current density (Debernardi and Carlesi, 2012). The current density increases to a
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maximum point (iu{vYvu;p ) and thereafter it decreases at the passivation potential
(EX;99v|F ) dropping almost to zero. Further increases in potential do not have an
obvious effect on the current density (hence dissolution rate) until it reaches the
transpassive region where another anodic reaction such as the oxidation of water
begins (Nikoloski, 2003). Figure 9(b) is usually obtained if the scan rate is high enough
that the passivating layer does not get sufficient time to form and results in a pseudopassivation region (Debernardi and Carlesi, 2012). The passive region is of greater
interest because most of the oxidising agents employed for the leaching of chalcopyrite
do not exceed potentials between 0.7 V and 0.8 V (Hiskey, 1993).

Figure 9. Types of anodic dissolution curves for corrosion processes. Curve (a): Normal
passivation. Curve (b): pseudo-passivation. Epassive = passivation potential. icritical = Critical
current. ipassive = passivation current (after Debernardi and Carlesi, 2012).

Passivation can occur by having an external sink of electrons in the system which
forces a sufficiently positive potential or because of a large enough concentration of
an oxidising agent capable of accepting an amount of electrons equivalent to iu{vYvu;p
produced by the anodic reaction at the EXX and this shifts the mixed potential to the
region where passivation becomes favourable (Nikoloski, 2003).
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The thickness of the passivating layer has also not been fully agreed on. Hackl et al.
(1995) proposed that the passivating layer is a copper rich surface layer (CuSn where
n>2) with a thickness < 1 µm that forms due to the solid-state changes that take place
during leaching. Biegler and Horne (1985) had earlier reported the layer to be CuS and
S compound with a thickness of 3 nm. Earlier research by Biegler and Swift had
suggested the thickness of layer formed during chalcopyrite dissolution to be 2 nm
(Biegler and Swift, 1977). Another more recent proposal was by Yin et al (1995) who
indicated that a passive layer 4 nm thick is formed when chalcopyrite is exposed to air.
Acero et al. (2007) estimated the surface layer to have a thickness of around 20 nm.
According to Crundwell (2015), most of the phases which have been proposed as the
candidates for passivation could surely have been detected during experiments,
therefore it is quite reasonable to consider that they all probably form. However,
according to Crundwell, none of the proposed candidates have been proven to have a
direct contribution to low dissolution (Crundwell, 2015). Crundwell further argues that
the mere detection of one, or all such phases does not mean that they are the reason for
passivation without providing undeniable proof which links such phases to the slow
leaching of chalcopyrite. Abdollahi et al. (2015) proposed that the secondary copper
sulfides which form on the surface during leaching result in a change in the semiconductor properties of the surface, resulting in passivation. Passivation by a solid
electrolyte

interphase

(SEI)

has

also

been

proposed

in

the

literature

(Ghahremaninezhad et al., 2015). Nevertheless, the inhibitory nature of the passivating
layer is thought to occur through a number of mechanisms which include;
•

Physical blockage (Dutrizac, 1978)

•

Solid-state diffusion of metal ions (Linge, 1976)

•

Electro-transport properties (Munoz et al., 1979)
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•

Passive film growth (Warren et al., 1982)

•

Electrolytic conduction of metal ions (McMillan et al., 1982)

Given the observation of different surface products as reported by different
researchers, the composition of the passivating phase remains one of the greatest
uncertainties in the study of chalcopyrite leaching (Nicol, 2017). The main passivation
candidates are looked at in more detail in the following sections.
1.5.1

Surface analysis studies

Surface studies provide information on compositional changes on the surface when
chalcopyrite is subjected to different conditions (Hackl et al., 1995). Detailed studies
that consider the variation of mineralogy and chalcopyrite alteration species should be
carried out to unravel the mechanism of chalcopyrite dissolution (Yang et al., 2014).
A strong understanding of the intermediate compounds which form during the
dissolution of sulfide minerals may enable better elucidation of the reaction
mechanisms (Senanayake, 2009).
Using Auger electron spectroscopy (AES), Eadington (1977) determined that
oxidation products on the chalcopyrite surface due to air exposure for 30 minutes
resulted in an oxidation product about 0.9 nm thick. The same treatment in water gave
an oxidation product about 9.5 nm thick. Brion (1980) studied chalcopyrite particles
ground in air by x-ray photoelectron spectroscopy (XPS). The study concluded that
the surface was enriched in iron through the formation of iron hydroxide or
oxyhydroxides followed by basic sulfate in the end. Buckley and Woods (1984) also
used XPS to study surface oxidation of chalcopyrite and other sulfide minerals.
Samples were cooled to 150 K to avoid sulfur loss in vacuum and spectra were
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recorded at this temperature. The iron migrated to the surface when the surface was
exposed to air, concentrating to form a hydroxide/oxide.
Ghahremaninezhad (2012) questioned the use of such ex-situ analytical methods as
XPS, AES and Raman spectroscopy on their own without support from in-situ
electrochemical techniques such as cyclic voltammetry, potentiodynamic and
potentiostatic polarisation. He argued that ex-situ analytical methods are questionable,
for example, because they allow elemental S to evaporate from the mineral surface.
This agreed with the observations also made by Buckley and Woods (1994).
According to Khoshkhoo et al. (2014) some of the problems associated with
techniques like XPS and AES surface analysis techniques include data interpretation,
which can result in the misinterpretation of results (Khoshkhoo et al., 2014). The
failure to relate the leaching kinetics with the observed surface species is another
problem. It was further argued that without measuring the dissolution rate, it is
impossible to correlate the formed surface species to the leaching behaviour of
chalcopyrite (Khoshkhoo et al., 2014). Nevertheless, the different products detected
on the chalcopyrite surface after different chemical treatments will be discussed as
there are strong arguments that some of these phases are responsible for the slow
leaching of chalcopyrite.
1.5.1.1

Passivation by elemental sulfur

According to some studies, chalcopyrite leaching is characterised by high initial
leaching rates, which level off below 60% conversion due to the formation of
elemental sulfur on the mineral surface (Bruynsteyn and Duncan, 1971; Pinches et al.,
1976; Ammou-Chokrum et al., 1979). The elemental sulfur is believed to limit the
diffusion of oxidising species through it and this results in reduced leaching rates
(Ammou-Chokrum et al., 1979). Liquid elemental sulfur detected on the surface of
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chalcopyrite and was believed to block and wet the mineral surface (Muszer et al.,
2013).
During chalcopyrite leaching, it has been reported that the sulfide sulfur present in
chalcopyrite is oxidised to elemental sulfur or sulfate (Pinches, 1976; Bruynesteyn and
Duncan, 1971). Some studies have observed the presence of sulfur in the elemental
form (Munoz et al., 1979; Dutrizac, 1989). The transport of electrons across the sulfur
layer can become rate limiting (Munoz et al., 1979). However, if that is the case, the
removal of S from the chalcopyrite surface should restore the initial leaching rates
(Wan et al., 1984). However, Buttineli et al (1992) argued that the removal of
elemental sulfur does not restore the initial leaching kinetics. It was therefore
concluded that elemental sulfur does not hinder the leaching of chalcopyrite.
Interestingly, some studies have argued that the surface film is not responsible for the
decrease in copper dissolution rates (Barriga-Mateos et al., 1987). More recently, it
has been argued that elemental sulfur does not passivate chalcopyrite (Nicol and
Zhang, 2016; Nicol, 2017).
In some studies where the reaction rates and activation energies were measured, the
leaching of chalcopyrite had very high activation energies (Ammou-Chokrum et al.,
1979). The high activation energies suggested that the leaching of chalcopyrite was
not diffusion controlled but was chemically controlled (Ammou-Chokrum et al.,
1979). However, some studies argue strongly that elemental sulfur generated on the
surface of chalcopyrite hinders further dissolution (Klauber et al., 2001). Klauber et al
(2001) have argued that some surface analysis techniques have not detected elemental
sulfur because S8 will vaporise unless cooled to temperatures less than -200 K (Klauber
et al., 2001). It was reported that volatile elemental sulfur is produced in both acidic
ferrous and ferric leaches. In the ferric leach, elemental S⁰ coated the unleached sulfide
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mineral. However, any sulfates formed did not coat the surface and therefore these
sulfates do not cause passivation (Klauber et al., 2001). It was suggested that two types
of elemental sulfur can be formed; volatile sulfur, S~= and monolayer or sub-monolayer
species, S[0]. Therefore, for short leach times, the most likely candidates for the
inhibition of ferric leaching were believed to be elemental sulfur and disulfide
(Klauber et al., 2001). However, they also argued that disulfide is most likely to form
elemental sulfur, therefore elemental sulfur was the most likely passivating species
(Klauber et al., 2001).
In other studies, neither elemental sulfur (So) nor polysulfides (Sw#( ) were believed to
passivate the chalcopyrite surface during leaching because it was observed that even
though the surface layer was growing, the leaching rate also increased (Harmer et al.,
2006). Other studies also concluded that elemental sulfur and jarosite were not the
principal causes of passivation (Yang, 2014). Lazaro and Nicol (2006) proposed that
there is formation of a soluble sulfur species such as thiosulfate during the leaching of
chalcopyrite. They determined this by using anodic stripping techniques with a ring
disk electrode set-up on natural chalcopyrite in 0.1 M H2SO4 at 60 °C. In a later study,
Nicol et al., (2010) dismissed elemental sulfur as the cause for passivation and instead
argued that a copper-rich sulfide layer was the passivating phase.
It has been suggested that accurate identification of the sulfur species which form on
the chalcopyrite surface is critical in resolving the leaching mechanism, as the sulfur
species are encountered in many of the mechanisms proposed in the literature (Parker
et al., 2003). The different species of sulfur which have been detected on the
chalcopyrite surface are shown Table 8. The alternative metal oxidation states are also
shown in the table.
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Table 8. Presence of the various sulfur, copper and iron surface species on the chalcopyrite
surfaces after initial oxidative dissolution in the presence of four leachant systems at a
temperature of 50-80 °C (after Parker et al., 2003).

Speciation

Fe3+ *

Sulfide S2-

ü

Disulfide S22-

ü

Polysulfide Sn2-

Fe2+ #

Fe3+-Ag+

Bioleach

ü

ü

ü

û

ü

û

û

û

û

Sulfur S0

ü

ü

û

ü

Sulfate SO42-

ü

ü

ü

ü

Cupric Cu2+

û

û

û

û

Cuprous Cu+

ü

ü

û

ü

Oxidic Fe3+

ü

ü

ü

ü

Sulfate Fe3+

ü

ü

û

ü

ü – Present, û – Not detected; *for aerobic and anaerobic as either the sulfate or chloride; #for aerobic
and anaerobic as the sulfate

According to Table 8, most of the sulfur species are detected quite readily, except
polysulfides which were apparently not detected in the different leaching systems
shown.
1.5.1.2

Passivation by metal-deficient sulfide (polysulfides)

Warren et al. (1982) suggested that the leaching of chalcopyrite takes place with the
formation of non-stoichiometric compounds through a sequence of reactions;
Chalcopyrite → Intermediate compound 1 (S1) → Intermediate compound 2 (S2)
In this proposal, chalcopyrite initially reacts to form the first intermediate complex
Cu3(M Fe3(N S#(R which is termed S1. The first intermediate complex (S1) decomposes
further to form the second intermediate copper sulfide, CuSn, which is usually denoted
as S2. In the chalcopyrite structure, Fe is leached out faster than Cu. Some reports have
suggested that S1 is bornite (Cu5FeS4) and S2 is covellite (CuS) (Warren et al, 1982).
However, both bornite and covellite leach faster than chalcopyrite so it seems unlikely
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that they would passivate chalcopyrite (Hackl et al., 1995). In addition, the feasibility
of these intermediates was disputed because the sulfur species dominant on the
chalcopyrite surface after ferric or ferrous leaching is sulfide (identical to unreacted
chalcopyrite), disulfide , elemental sulfur and sulfate (Parker et al., 2003). As such,
polysulfides were said to only form as transient intermediates and not stable enough
to passivate chalcopyrite (Parker et al., 2003). For this reason, they were ruled out as
candidates for passivation by some researchers (Parker et al., 2003).
Parker et al (1981) used the technique of cyclic voltammetry to characterise the surface
species formed during chalcopyrite leaching. The study revealed that the passivating
film on the chalcopyrite surface was a metal-deficient, copper rich polysulfide with
different semiconductor properties from chalcopyrite (Parker et al., 1981). The product
layer was also responsible for slowing not only transport of Cu+ and Fe2+ but also
electron transfer to or from electroactive species in solution (Parker et al., 1981). The
surface film formed is unstable at high temperatures according to Parker et al (1981).
However, Viramontes-Gamboa et al. (2006) found a similar film to have increased
stability with increased temperature.
According to Crundwell (2013), partially oxidised sulfur species, Sw#( (polysulfide)
and metal deficient sulfide layer refer to the same thing. It was explained that the name
“metal-deficient sulfides” puts more emphasis on the metal. On the other hand, the
name “polysulfides” puts more emphasis on the sulfur. Polysulfides have been
observed on mineral sulphide surfaces but no evidence has been provided that the
presence of polysulfides inhibits the rate of leaching reactions or controls the
mechanism of dissolution (Crundwell, 2013). However, more recently, the formation
of metal sulfides during leaching, resulting in lower rates of chalcopyrite leaching has
been reported (Nicol and Zhang, 2016). Previously, Holmes and Crundwell (2013)
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argued that during leaching, the mere observation of polysulfides on the mineral
surface should not be taken as evidence that the observed polysulfides are the cause
for passivation. By combining XPS and Raman Spectroscopy with anodic polarisation,
Holmes and Crundwell (2013) observed that despite the thickening of the measured
polysulfide layers, there was an exponential increase in the current. Therefore, they
concluded that the dissolution rate was increasing as the polysulfide layer increased in
thickness. As a result, it was concluded that polysulfides do not cause passivation.
These observations agreed with previous work by Holmes, who measured the current
at various potentials as well as the thickness of the surface layer using Raman
Spectroscopy. He discovered that the current increased with an increased thickness of
the polysulfide layer. From these results, it was concluded that polysulfides do not
cause passivation (Holmes, 1998).
Parker et al. (2008) analysed the oxidised chalcopyrite surface by using Raman
spectroscopy. It was observed that there were similar spectra between fresh
chalcopyrite and the oxidised chalcopyrite. From this observation, they concluded that
a metal deficient sulfide is formed during chalcopyrite leaching. Parker et al. (2008)
also noted that surface products are sometimes not observed on the chalcopyrite
surface due to the resistance of chalcopyrite to leaching, even after long periods of
leaching. Klauber et al. (2001) did not agree with the hypothesis that there is formation
of a compact, intermediate layer of metal-deficient polysulfide which forms from solid
state diffusion. Instead, they argued that for the hypothesis to be correct, a reaction
zone of finite depth should be very distinct on the chalcopyrite surface. They argued
that instead chalcopyrite as a ternary sulfide displays variations in the possible phases
(Klauber et al., 2001). As such, there were many possible phases that could form. It
has also been argued that polysulfides are unlikely to be intermediates in the leaching
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of metal sulfides because the net chemistry of elemental sulfur or sulfur formation
indicates that polysulfides can only be transient intermediates (Parker et al., 2003).
This is because polysulfides are highly reactive and are unlikely to exist as a stable
species although they could be formed as transient intermediates in a leaching
mechanism (Parker et al., 2003; Klauber, 2008).
Thermodynamic predictions suggest that in a Cu-Fe-S-H2O system, chalcopyrite can
be successively oxidised to bornite, chalcocite and covellite in a sequence of steps
(Hackl, 1995). In practice however, only covellite has ever been observed (Hackl
1995). In a more recent study, however, bornite has been detected by synchrotron
small-angle x-ray diffraction (S-SAXRD) (Majuste et al, 2012). Majuste et al. (2012)
proposed that the formation of bornite (Cu5FeS4) and covellite (CuS) as an
intermediate product of bornite oxidation had a protective effect on chalcopyrite,
thereby hindering further dissolution. The formation of bornite was reported to occur
according to the Equation (47) (Majuste et al., 2012).
5CuFeS# → Cu_ FeS6 + 4Fe,$ + 6S 1 + 12e(

(47)

The formation of bornite or covellite has been identified to cause the slowing down of
chalcopyrite leaching. Acres et al. (2010) suggested that bornite forms a galvanic
couple with chalcopyrite and that bornite is oxidised more readily while the
chalcopyrite is galvanically protected, which slows the rate of chalcopyrite dissolution.
Covellite has also been demonstrated to have a lower mixed potential than
chalcopyrite, and so will be oxidised in preference to chalcopyrite, thereby slowing
down chalcopyrite dissolution (Mehta and Muir, 1983).
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1.5.1.3

Passivation by jarosites

The formation of a protective layer of iron-hydroxide precipitates has also been
proposed (Munoz et al., 2007a). According to Sandstrom et al. (2005), passivation
occurs at high potentials due to a high Fe3+/Fe2+ ratio that is usually accompanied by
the precipitation of jarosites. Jarosite formation was briefly introduced in a previous
section (Section 1.4.2) Crystalline layers of jarosite have been detected on chalcopyrite
residue surfaces by XPS following bioleaching (De Fillipo et al., 1988). However, it
has also been argued that iron compounds precipitated on the chalcopyrite surface were
alone responsible for the huge decrease in the leaching rates (Klauber et al., 2001).
Using a combination of synchrotron radiation x-ray diffraction (SR-XRD) and S, Fe,
Cu K-edge x-ray absorption near-edge spectroscopy (XANES), (Liu et al., 2016, Liu
et al., 2017) reported that jarosite became the main product of bioleaching. In those
studies, it was reported that jarosite formation was promoted by an increase in Fe3+
concentration. However, there was no strong evidence that the mere formation of
jarosite resulted in passivation (Liu et al., 2016; Liu et al., 2017). Jarosite was also
detected on chalcopyrite surfaces after bioleaching but it was concluded that jarosites
were not responsible for passivation as they were easily removed by washing the
electrodes (Arena et al., 2016). Interestingly, other bioleaching studies however have
reported that jarosites passivate chalcopyrite (Zhang et al., 2016).
The jarosites are believed to occur according to the reaction
$
$
3Fe,$ + 2SO#(
6 + 6H# O + M → MFe, (SO6 )# (OH)L + 6H

(48)

where M = Ag+, K+, Na+, NH4+ or H3O+. For instance, in silver-catalysed leaching, it
was reported that an excess of silver can result in the sequestration of silver by jarosite
(Cordoba et al., 2008a). The different jarosites have been studied immensely and those
which are of relevance to the sulfate leaching process have been listed in Table 9. The
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given cations are represented by M+ in Equation (48). Some of the jarosites occur
naturally and are listed as the mineral equivalent (Dutrizac and Jambor, 2000).
Table 9. Some of the common forms of jarosite (after Dutrizac and Jambor, 2000).

Cation

Jarosite name

Chemical name

K+

Jarosite

Potassium jarosite

Na+

Natrojarosite

Sodium jarosite

Ag+

Argentojarosite

Silver jarosite

NH4+

Ammoniojarosite

Ammonium jarosite

H3O+

Hydronium jarosite

Hydronium jarosite

The regions of stability for jarosite as a function of pH and temperature are given in
Figure 10. It been reported that at low temperature, the kinetics of jarosite formation
is slow but it is relatively rapid at higher temperatures (Brown, 1970).

Figure 10. The stability field of jarosite as a function of pH and temperature (after Das et al.,
1996).

It is readily observed in Figure 10 that jarosite formation occurs at low pH and within
a narrow range of pH.
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1.5.2

Reductive leaching of chalcopyrite

The advantages of reductive leaching of chalcopyrite include converting the
chalcopyrite into a form which may be more leachable, like chalcocite (Cu2S) and the
rejection of iron and sulfur, leaving the copper-rich sulfide (Dreisinger and Abed,
2002). The reductive leaching can be achieved by using suitable reductants like Fe0
(Dreisinger and Abed, 2002). The final product of reductive leaching is not the copper
metal but is believed to be “super-concentrates” composed of chalcocite (Dreisinger
and Abed, 2002). This was supported by Novak and Hiskey (2014) who suggested that
the process of reductive leaching involves chalcopyrite being reduced to a more
reactive copper sulfide like chalcocite (Novak and Hiskey, 2014).
It has been reported that chalcopyrite is oxidised by dissolved oxygen in the overall
equation (49) (Hiroyoshi et al., 1997).
CuFeS# + O# + 4H $ = Cu#$ + Fe#$ + 2S 1 + 2H# O

(49)

This proposed mechanism involves acid consumption as evidenced by a pH increase,
and the generated ferrous ions are oxidised to ferric ions in Equation (50).
4Fe#$ + 4H $ + O# → 4Fe,$ + 2H# O

(50)

In the two-stage ferrous-promoted chalcopyrite dissolution model, as it was later
referred to, the steps involved were:
•

Chalcopyrite reduction by ferrous ions in the presence of cupric acid to form
chalcocite (Cu2S) (Watling, 2013; Hiroyoshi et al., 2002) (Equation (37)).

•

Oxidation of chalcocite by dissolved oxygen and/or ferric ions to give cupric
ions and elemental sulfur as the products (Hiroyoshi et al., 2002; Watling,
2013) (Equation (38) and Equation (39)).
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However, for the chalcocite to form, thermodynamic calculations revealed that the
redox potential of the solution should be lower than the critical potential, which
depends on the Fe2+ and Cu2+ ion activities (Hiroyoshi et al., 2000; Watling, 2013).
There is a direct relationship between the optimum oxidation-reduction potential and
Cu2+ concentration (Watling, 2013). Reductive leaching takes place when a galvanic
contact is established between chalcopyrite and certain metals. Several reducing agents
have been used and these include iron, lead, copper, aluminium, SO2 in presence of
cupric and cuprous ions (Novak and Hiskey, 2014). Chalcopyrite can be progressively
transformed through phases like mooihoekite (Cu9Fe9S16) and talnakhite (Cu9Fe8S16)
(Novak and Hiskey, 2014; Elsherief, 2002). If the potential is made more negative, the
intermediates transform to bornite (Cu5FeS4). This bornite and any unreacted
chalcopyrite will further be reduced to chalcocite (Cu2S) and djurleite (Cu1.96S) as all
the iron is expelled when the potentials are made even more negative (Novak and
Hiskey, 2014; Elsherief, 2002). Chalcocite and djurleite are quite similar and mostly
chalcocite is the one which is detected and cited by researchers (Novak and Hiskey,
2014). At very high cathodic potentials, chalcocite and unreacted chalcopyrite form
elemental sulfur.
The reductive leaching model was studied by bringing chalcopyrite and copper into
electrical contact (Hiskey and Wadsworth, 1975). Due to the different rest potentials,
chalcopyrite having the higher rest potential acts cathodically while copper becomes
the anode. Chalcopyrite receives electrons via the ferric site and the ferrous ion is
ejected. When the ferrous ion is rejected, the crystal structure of chalcopyrite is broken
and leaves a porous chalcocite layer according to the equation:
CuFeS# + Cu= + 2H $ = Cu# S + Fe#$ +H# S
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(51)

The hydrogen sulfide given off then combines with the cuprous ion from the anodic
dissolution of copper to give chalcocite (Novak and Hiskey, 2014). De Lima et al
(2011) suggested that hydrogen sulfide H2S forms during chalcopyrite dissolution in
acidic solutions. Protons are adsorbed by disulfides, resulting in the elongation of S-S
bonds which eventually results in the formation of the H2S.
1.5.3

Non-oxidative leaching of chalcopyrite

A few studies have proposed the occurrence of chalcopyrite dissolution by nonoxidative processes (Ammou-Chokrum et al., 1979; Nicol and Lazaro, 2003). The nonoxidative dissolution mechanism has not received much attention because of the
difficulty in measuring the low concentrations of the dissolved species in solution
(Nicol and Lazaro, 2003). This is thought to occur according to Equations (52) to (54)
which are thermodynamically feasible (Nicol and Lazaro, 2003);
CuFeS# + 4H $ → Cu#$ + Fe#$ + 2H# S

(52)

CuFeS# + 2H $ → CuS + Fe#$ + H# S

(53)

2CuFeS# + 4H $ → Cu# S + Fe#$ + S + 2H# S

(54)

It was suggested that in order to maintain the non-oxidative process, the hydrogen
sulfide should be oxidised by the presence of the ferric ions according to the reaction
(Nicol and Lazaro, 2003);
2H# S+4Fe,$ → 2S + 4Fe#$ + 4H $

(55)

The dissolution according to the non-oxidative dissolution mechanism (such as
equation (52)) is not thermodynamically spontaneous under normal conditions
(k=2.8x10-19 at 35 °C) (Nicol et al., 2010). Rotating ring-disk experiments showed
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that the dissolution of chalcopyrite could occur to a limited extent without any
oxidising agent with the production of a soluble sulfur phase (Nicol and Lazaro, 2003)
and this non-oxidative process was attributed to the equations above.
The rate of reaction of the non-oxidative dissolution process was reported to depend
on two factors (Nicol and Lazaro, 2003):
1.

The rapid dissolution to establish equilibrium between soluble species at the
mineral surface and the solid

2. The transport of soluble dissolution products away from the surface
This non-oxidative model was extended to include an overall oxidative process.
1.5.4

Summary

The preceding paragraphs have discussed some of the likely leaching mechanisms of
chalcopyrite dissolution that have been explored in the literature. The possible leaching
mechanisms have been proposed based on the study of the products which have been
detected on the chalcopyrite surface. A sizeable number of surface analysis techniques
have been employed to study the chalcopyrite surface. Different surface phases have
been detected on the chalcopyrite surface including elemental sulfur, metal deficient
sulfides (polysulfides) as well as jarosites. Different studies have attributed the slow
dissolution of chalcopyrite to the presence of some of these phases. However, there is
no agreement on which phases are responsible for the “passivation” of the
chalcopyrite. While the use of ex-situ surface analysis techniques has been brought
into question by some researchers, these surface analysis techniques have provided
some very valuable information to understand the leaching behaviour of chalcopyrite.
Possible leaching mechanisms that have been explored include the oxidative leaching
mechanisms, reductive leaching mechanisms and the non-oxidative mechanisms.
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1.6 The electrochemistry of chalcopyrite
All chalcopyrite leaching reactions are electrochemical in nature because there is
transfer of charges across the solid-solution interface (Crundwell, 2013). There can be
four or five electrons being transferred during the leaching of chalcopyrite as
represented by Equations (56) or (57), depending on the leaching conditions
(Crundwell, 2015). At low potentials, the reaction of chalcopyrite dissolution is shown
in the following equation;
CuFeS# → Cu#$ + Fe#$ + 2S + 4e(

(56)

In the above case, there are four electrons which are transferred per mole of
chalcopyrite that is dissolved. As the potential goes to more positive potentials, the
reaction mechanism changes from a four-electron to a five-electron reaction as shown
in the equation below.
CuFeS# → Cu#$ + Fe,$ + 2S + 5e(

(57)

According to Crundwell (2013), the electrochemical mechanism of chalcopyrite
leaching is useful in explaining the passivation of chalcopyrite. Crundwell has argued
that the formation of polysulfide layers does not limit the reaction rate by limiting
diffusion of ions. It was instead proposed that the transfer of electrons is the rate
determining step during chalcopyrite leaching (Crundwell, 2013). Crundwell (2013)
also dismissed suggestions that the initial step leaching rate determining step is due to
proton attack because dissolution processes are not dependant on acid concentration.
It is commonly agreed that passivation takes place when a layer of increasing thickness
forms over an electrode surface, resulting in lower anodic current followed by the
stoppage of dissolution. Cathodic reactions are usually coupled to the anodic reactions
and the rates of the anodic and cathodic reactions are equal at equilibrium. The
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passivation of an electrode therefore, occurs if the rates of the anodic reactions (such
as chalcopyrite leaching) become greater than a critical value such that the
concentration of metal ions around the electrode exceeds the rate of cathodic reactions
such as the reduction of Fe3+. The critical potential at which passivation begins is what
is usually referred to as the passivating potential, 𝐸€€ . According to Yang et al. (2014),
solution potential is the most important parameter in studying the kinetics of
chalcopyrite dissolution. Some of the early electrochemical studies conducted on
chalcopyrite revealed that there is a potential region at which the initial oxidation of
chalcopyrite occurs in acid electrolytes. This region is known probably what is
commonly known as the prewave (Biegler and Horne, 1985). It was reported that the
main anodic reaction which is accompanied by copper and iron dissolution occurs at
potentials more positive than the prewave (Biegler and Horne, 1985). The prewave is
important as it indicates the initial dissolution of chalcopyrite, during which the
passive layer is formed (Hiskey, 1993; Biegler and Horne, 1985). Some reports have
suggested that the prewave layer is Cu2S (Parker et al., 1981). It has been revealed that
this layer can progressively grow in thickness over time without the application of an
external potential (at open circuit) and the layer remains stable for long periods of time,
even when the electrode is removed from the electrolyte (Biegler and Horne, 1985).
The dissolution of chalcopyrite at potentials up to 0.75 V (versus SHE) involves the
release of iron as ferrous (Fe2+) (Ghahremaninezhad, 2012). Additionally,
Ghahremaninezhad (2012), stated that below the transpassive region of chalcopyrite
dissolution (0.90 V versus SHE) (as shown in Figure 9), Fe2+ and Fe3+ ions are released
into solution and not Cu ions. Therefore, there is preferential dissolution of Fe over
Cu. This observation agreed with an earlier proposal by Holliday and Richmond that
the ratio of dissolution of Fe2+ to Cu2+ in the final solutions was 5:1 (Holliday and
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Richmond, 1990) The preferential dissolution of Fe over Cu reportedly occurs
according to the following equation:
CuFeS# → 0.2Cu#$ + Fe#$ + Cu1.~ S# + 2.4e(

(58)

The above equation shows that five times more Fe is released than Cu. When this
phenomenon takes place, it is believed that the chalcopyrite surface becomes passive.
The passive region for chalcopyrite in acidic sulfate media at 25 °C, defined as a low
potential region was found to be around 0.6 V – 0.9 V (SHE) (Warren et al., 1982).
Processes that take place at potentials from 1.0 V to 1.2 V (vs. SHE) are often referred
to as high potential processes. On the other hand, Nava et al. (2006, 2008) indicated
that chalcopyrite dissolution starts at low anodic potentials (0.615 V ≤ Potential <
1.015 V versus SHE) to form a non-stoichiometric polysulphide layer (Cu1-xFe1-yS2-z),
which is a passive film. At potentials in the range 1.085 V ≤ potential < 1.165 V (vs.
SHE) there is formation of a CuS layer after all the Fe is released. The CuS is believed
to be unstable at potentials higher than 1.165V. Nava et al. (2006, 2008) concluded
that increasing the potential would lead to complete chalcopyrite dissolution.
However, high potentials result in the formation of jarosite (Nava et al. 2006, 2008).
It is also not possible to get such high anodic potentials using the common oxidising
agents available.
The chalcopyrite surface transformations have been studied extensively by cyclic
voltammetry. Cyclic voltammetry is a powerful technique for identifying reaction
pathways. One of the first studies on chalcopyrite with cyclic voltammetry was
conducted by Biegler and Swift (1979). It was concluded from this study that a thin
layer of chalcopyrite is involved in a surface oxidation (Biegler and Swift, 1979).
Biegler and Horne (1985) did not believe that that the surface oxidation was due to
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atmospheric oxidation because even experiments conducted under nitrogen conditions
also produced this oxidised surface. Yin et al (1995), used natural chalcopyrite in
0.1 M HCl to prove that exposing the chalcopyrite surface to air will oxidise it and a
passive film formed, which significantly diminishes electrochemical oxidation. These
studies reveal that regardless of the processing route there is always a film that forms
on the surface of chalcopyrite and this surface layer contributes to poor leaching of the
chalcopyrite.
During cyclic voltammetry of chalcopyrite, a blue surface product which is believed
to be covellite (CuS) has been observed (Biegler and Swift, 1979; Gomez et al., 1996).
The covellite is postulated to form through the non-stoichiometric dissolution of
chalcopyrite according to (59) and (60) (Acero et al., 2007; Zeng et al., 2013):
CuFeS# ⇄ Cu3(M Fe3(N S#(R +Cu#$ +yFe#$ + 2S + 2(x + y)e(

(59)

CuFeS# ⇄ 0.75CuS + 1.25S 1 + 0.25Cu#$ + Fe#$ + 2.5e(

(60)

Reactions like (59) and (60) do not represent an equilibrium reaction but they attempt
to show a process where the exact composition and proportion of chemical species is
not known, according to Acero et al. (2007). The intermediate covellite (CuS) is
proposed to break down as follows:
CuS ⇄ S 1 + Cu#$ + 2e(

(61)

The production of a non-stoichiometric sulfide, CuM S (1 < x < 2) has been reported to
occur in two ways: the oxidation of Cu2S and the reduction of CuS (Zeng et al., 2013).
1.6.1

The generation of galvanic couples

Galvanic interactions take place when different conducting or semiconducting
minerals come into electrical contact. The mineral with the higher rest potential will
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become cathodically protected while the mineral with the lower rest potential reacts
anodically (Hiskey and Wadsworth, 1981). Chalcopyrite ores and concentrates tend to
have active gangue mineralisation, with pyrite being a common gangue phase
(Klauber, 2008). The galvanic corrosion mechanism comes into play when there is
mixed mineralisation (Dutrizac et al., 1969). As separate non-contacting phases, pyrite
dissolves faster than chalcopyrite. However, once they come into galvanic contact,
chalcopyrite dissolves more readily than pyrite due to cathodic protection of the pyrite,
as the pyrite reacts cathodically while chalcopyrite reacts anodically (Berry et al.,
1978; Hiskey and Wadsworth, 1981; Klauber, 2008). This phenomenon is more
pronounced at elevated temperatures and in the presence of bacteria (Berry et al.,
1978). The presence of pyrite has been reported to increase the release of copper both
in chemical leaching and bioleaching (Klauber, 2008). This galvanic effect can be a
strategy which can be applied to enhance the leaching of copper from chalcopyrite.
However, with poor galvanic contact, this may result in high rates of iron release in
the initial stages due to the dissolution of pyrite and this can be a potential problem
which would need to be accounted for (Klauber, 2008).
Pyrite has the highest rest potential among the common sulfide minerals according to
Majima (1969; Hiskey and Wadsworth, 1981). The rest potentials of chalcopyrite and
other common sulfide minerals are given in Table 10. Therefore, when pyrite and
chalcopyrite are present together in a slurry and there is intimate contact, the pyrite
surface acts cathodically, while the chalcopyrite surface has both cathodic and anodic
sites (Nazari et al., 2012). Due to the presence of pyrite, the rate of cathodic processes
(i.e. the ferric reduction reaction) increases due to increased cathodic surface area, with
the extra cathodic area being provided by the pyrite. On the other hand, there is no
corresponding increase in the anodic area. As a result, the rate of chalcopyrite
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dissolution increases to balance the increased electron consumption at the cathode
(Nazari et al., 2012). In this way, copper extraction is improved by the presence of
pyrite in electrical contact with chalcopyrite. However, it has also been observed that
at high redox potentials (800 mV SHE), the chalcopyrite leaching rate drops
significantly due to the competition between the chalcopyrite and pyrite (Sandstrom et
al., 2005). This occurrence was observed during the leaching of chalcopyrite
concentrates containing 14-15% pyrite at two different redox potentials (620 mV and
800 mV) in both chemical leaching and in bioleaching. Chalcopyrite was leached more
rapidly at the lower redox potential. In fact, the leaching rate dropped rapidly at the
higher potential (Sandstrom et al., 2005).
Table 10. Rest potentials for sulfide minerals.

a

Mineral

Rest potential (V) (SHE)

Pyrite

0.66a, 0.63b

Marcasite

0.63a

Chalcopyrite

0.56a, 0.52b

Sphalerite

0.46a; -0.24b

Covellite

0.45a, 0.42b

Chalcocite

0.42b

Bornite

0.42a

Galena

0.40a, 0.28b

Argentite

0.28a

Stibnite

0.12a

Molybdenite

0.11a

Majima (1969); bHiskey and Wadsworth (1981)

As indicated before, during chalcopyrite leaching, the passivating layer forms at
potentials above the passivation potential (Viramontes-Gamboa et al., 2007; Rivera
Vasquez et al., 2012). This average passivation potential has been reported at 80 °C in
a sulfuric acid solution (pH 0.5) and ferric/ferrous sulfate (5 g/L total iron) as 760 mV
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(versus SHE) (Viramontes-Gamboa et al., 2007). It has also been established that the
presence of pyrite affects the passivating potential (Nazari et al., 2012).
The behaviour of the quaternary system of H2SO4-Fe2(SO4)3-FeSO4-H2O during
chalcopyrite leaching was studied by cathodic potentiodynamic polarization at 0.5
mV/s at different temperatures (25-150 °C) and varying concentrations of these
components (Yue and Asselin, 2014). It was determined that the transfer of electrons
between the Fe3+/Fe2+ couple and the CuFeS2 surface is a slow process (Yue and
Asselin, 2014). This has added to the belief that the slow kinetics of ferric reduction
could be one of the causes of the passivation. It is known that the Fe3+/Fe2+ ratio
determines the oxidation-reduction potential (ORP) (Hiroyoshi et al., 2001). As
indicated earlier, during chalcopyrite leaching, the presence of pyrite promotes the
reduction of Fe3+ by providing extra cathodic sites. This effect aids in maintaining the
ORP below the passivation potential (Nazari et al., 2012). Therefore, apart from the
galvanic effect, pyrite promotes chalcopyrite leaching by assisting in removing excess
Fe3+ ions, which would otherwise raise the ORP over the critical value, leading to
passivation.
1.6.2

The open circuit potential (OCP) of chalcopyrite

The dissolution of chalcopyrite has often been described in terms of potential. Some
reservations have been raised about the use of Eh as an indicator of oxidation and it
has been suggested that the use of mixed potential may be more reliable (Lazaro,
2001). The mixed potential has the advantage of giving the potential at the mineral
surface. As such, the potential of the solution (Eh) and potential on the mineral surface
(mixed potential) are not necessarily equal both in theory and in practice (Lazaro,
2001). This is due to the formation of Fe2+ or Cu+ at the surface due to the oxidation
of the mineral (Nicol and Lazaro, 2002). The potential of the chalcopyrite surface has
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been found to be almost similar to the bulk solution potential only for solutions that
contain appreciable concentrations of Fe2+ (Nicol and Lazaro, 2002).
A mixed potential comes about because of two or more reactions occurring on the
same surface at the same time (Lazaro, 2001). It has been reported that the anodic
dissolution of mineral sulfides can be described by the mixed potential and this is
coupled to the reduction of oxidising species such as Fe3+ and Cu2+ (Nicol et al, 2016,
Nicol and Zhang, 2016). To get a better understanding of the chalcopyrite leaching
process, it is important to have knowledge of the mixed potentials (Nicol and Zhang,
2016). The concept of mixed potentials was first published in investigations on the
application of the electrochemical model to the leaching of uranium dioxide (Nicol et
al., 1975). The mixed potential theory is illustrated in Figure 11. EM represents the
mixed potential. The anodic branch in Figure 11 illustrates the oxidation of the metal
sulfide (e.g. chalcopyrite) while the cathodic branch shows the reduction of the
oxidising species (Fe3+ in this case). The mixed potential (EM) is the potential at which
the magnitudes of the cathodic current density and the anodic current densities are
equal. If the mineral oxidation is assumed to be irreversible, the cathodic reduction of
the reaction products can be ignored at potentials that are experienced during oxidation
(Nicol and Lazaro, 2002; Majuste et al., 2012).
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Figure 11. Mixed potential model for the oxidative dissolution of a metal sulfide by Fe3+ (after Nicol, 1993).

A working electrode surface that is in contact with a leach solution in the absence of
an external applied potential will achieve a steady state condition. Steady state is a
condition where the net current is zero (Bockris and Reddy, 1998; Majuste et al., 2012;
Nikoloski, 2003). The surface potential at this condition is called open circuit potential
(OCP), equilibrium potential, rest potential or mixed potential (Nikoloski, 2003). At
the OCP, the anodic and cathodic current densities are equal and opposite (Majuste et
al., 2012) and this condition can be expressed by Equation (62)
I;
Iu
=−
A;
Au

(62)

i; = −iu = iƒ

(63)

Where
Ia = electrical current at the anode; ia = current density at the anode
Ic = electrical current at the cathode; ic = current density at the cathode
Ac = cathodic surface area; Aa = anodic surface area
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im = current density at the mixed potential
The OCP can be expressed in the form of the Nernst equation (Nikoloski, 2003), and
it is the thermodynamic potential associated with the half-reaction in Equation (64),
Reactants + ne( ↔ Products

(64)

The Nernst equation can be shown as
(65)

‡aX{=stuY9 ˆ
RT
E = E 1 − C J ln †
‰
(a{F;uY;wY9 )
nF

E = is the measured equilibrium potential (OCP) in volts or millivolts, E0 = the standard
potential when all the species in the reaction are unity, R = universal molar gas constant
which is equal to 8.3145 J/K·mol, T = temperature in Kelvin (K), n = number of
electrons involved in the half reaction, F = Faraday constant which represents the
charge carried by one mole of electrons = 96 484.93 C/mol, aproducts = chemical activity
coefficient (γ) multiplied by the concentration of the product species (M) in mol/dm3,
areactants = chemical activity coefficient (γ) multiplied by the concentration of the
reactant species (M+) in mol/dm3.
The OCP may also be explained in terms of the Butler-Volmer equation (Bockris and
Reddy 1998). The derivations for the expressions used in the determination of mixed
potential have been excellently explained in the literature (Nicol et al., 1975; Nicol
and Lazaro, 2002). However, it has been shown that at the mixed potential (EM),
i; + iƒ = −iu

(66)

Where each of the currents can be written in terms of the Butler-Volmer equation,
iƒ = k ‹ exp(b‹ E‹ )

(67)

i; = k ; [Fe(II)]exp(b; E‹ )

(68)
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−iu = k u [Fe(III)]exp(−bu E‹ )

(69)

Where km, ka and kc are the electrochemical rate constants and bm, ba and bc are defined
by the relationship bi=αiF/RT. When the expressions (67), (68) and (69) are substituted
into (66) and the transfer coefficient is close to 0.5, the mixed potential can be
represented by Equation (70). If no measured data is available, αa = αc = 0.5 are the
values that are commonly used (Majuste et al., 2012). In such a case, bm=ba=bc=b such
that,

E• =

1 ku
1
[Fe(III)]
ln + ln
2b k ; 2b k ‹ ⁄k ; + [Fe(II)]

Where 𝑘 = rate constant, 𝑛 = number of electrons involved in the corresponding
reactions, F = Faraday constant, E = electrode potential, α = transfer coefficient and R
= Universal gas constant
The mixed potential measured on the mineral surface is indicative of the dissolution
process (Yue and Asselin, 2014). Each half reaction in the redox system has a driving
force which is represented by the difference between the mixed potential and the
relevant reversible potential (EC and EA in Figure 12 ) (Yue and Asselin, 2014). The
difference between the mixed potential and the relevant reversible potential is
represented in Figure 12 as the overpotentials ƞA and ƞC. In the chalcopyrite system,
the mixed potential between the reversible cathodic reduction of the ferric ion (EC) and
the reversible potential of the anodic oxidation of chalcopyrite (EA) is the open circuit
potential (OCP).
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(70)

Figure 12. Schematic diagram of the mixed potential theory for the oxidative dissolution of
chalcopyrite by the ferric ion (after Yue and Asselin, 2014).

The mixed potential theory suggests that shifting the potential in the anodic direction
will result in an increased overall chalcopyrite oxidation as shown in Figure 12. This
would then lead to higher dissolution rates. However, such a shift in mixed potential
may result in some competing reactions which were not feasible at more negative
potentials to become feasible (Nikoloski, 2003). Such reactions sometimes form
impermeable non-conductive layers which essentially affect the dissolution reaction
by protecting the underlying metal from contact with the electrolyte and hence
protected from dissolution (Nikoloski, 2003). Such a loss in chemical activity due to
an increase in potential is referred to in electrochemistry as passivation (Nikoloski,
2003). The main characteristics for the onset of passivation are the passive potential
‡EXX ˆ and critical current density(iu{vY ). These parameters are illustrated in Figure 9.
The open circuit potential (OCP) depends on the temperature and activities of both the
dissolved metal ions and the metal (usually taken to be unity). Any changes to the bulk
electrolyte composition can result in changes in the electrical double layer (EDL)
composition. If the composition of the electrical double layer (EDL) changes, the open
circuit potential also changes (Nikoloski, 2003). It is worth mentioning that increasing
86

the open circuit potential results in increased current density (Ghahremaninezhad et
al., 2015). The mixed potential of chalcopyrite increases as the acidity of the leach
solution increases (or at lower pH) (You et al, 2007).
The electrode potential of a sulfide mineral has been described as an indeterminate
value that lies within a lower and upper limit, which is linked to the limits of
compositions as determined by phase diagrams (Peters, 1976). Different values of the
open circuit potential of chalcopyrite in different leach solutions have been reported in
the literature. These values have been summarised in Table 11.
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Table 11. Open circuit potential values of chalcopyrite in sulfate media.
OCP
(mV) vs
SHE

Conditions

357

pH 1.5, 68 °C

a

380

0.5 M H2SO4, 25 °C, 2 hours

b

415

1.7 M H2SO4

c

Reference

°

430

1 M H2SO4, 20 C

d

470
472

0.1 M H2SO4
0.1 M HCl, 25 °C, 30 minutes

e
f

500

0.1 M H2SO4, 60 °C, 180 minutes

g

520

1 M H2SO4

h

550

0.1 M H2SO4, 0.001 M O2

550

e

°

i

°

0.5 M H2SO4, pH 0.3, 25 C
+

557

pH 1.5, 0.02 g/L Ag , 68 C

a

560

pH 4 (by calculation)

j

°

570

0.1M H2SO4, 25 C, 20 minutes equilibration

576

5 g/L H2SO4, 5 g/L Ferric, 25 °C

576
578

20 g/L H2SO4, 5 g/L Ferric, 25 °C
40 g/L H2SO4, 5 g/L Ferric, 25 °C

580

90 g/L H2SO4, 5 g/L Ferric, 25 °C

591

0.5 M H2SO4, pH 0.3

k

l

m
°

593

60 g/L H2SO4, 5 g/L Ferric, 45 C

593

10 g/L H2SO4, 5 g/L Ferric, 65 °C

595

90 g/L H2SO4, 5 g/L Ferric, 45 °C

597

40 g/L H2SO4, 5 g/L Ferric, 45 °C

599

20 g/L H2SO4, 5 g/L Ferric, 65 °C

600

60 g/L H2SO4, 5 g/L Ferric, 65 °C

603

40 g/L H2SO4, 5 g/L Ferric, 65 °C

607

90 g/L H2SO4, 5 g/L Ferric, 65 °C

611
630

0.5 M HCl and 3 M NaCl
0.1 M H2SO4, 0.01 M Fe3+

n
e

635

25 °C, 0.5 M H2SO4, 0.05 M Fe2(SO4)3, 0.1 M FeSO4

o

680

3+

0.1 M H2SO4, 0.05 M Fe
3+

°

l

e

700

0.1 M H2SO4, 0.01M Fe 60 C, 180 minutes

g

720

0.1 M H2SO4, 0.001M O2 + 0.05 M Fe3+

e

787
0.25 M H2SO4, Ag2S coated chalcopyrite
p
b
c
d
Munoz et al (1998); Ghahremaninezhad et al. (2010); Nava et al. (2008); Lu et al. (2000); eMajuste
et al (2012a); fAbraitis et al. (2004); gLazaro and Nicol (2006); hMehta and Murr (1982);
i
Ghahremaninezhad et al (2013); jMajima (1969); kGhahremaninezhad et al. (2012); lViramontesGamboa (2006); mEghbalnia and Dixon (2011); nLux and Grygar (2006); oOlvera et al (2014); pMiller
and Portillo (1981).
a

In H2SO4, the OCPs of chalcopyrite lie at potentials in the range 357-570 mV (SHE).
When Fe3+ is present, the OCPs generally lie in the range 576-607 mV (SHE). In the
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presence of Fe3+, most of the values are close to or exceed 600 mV as shown in Table
11.
1.6.3

Semi-conductor electrochemistry of chalcopyrite

It is important to understand the solid phase processes involved during chalcopyrite
leaching in addition to the aqueous phase processes (Osseo-Asare, 1992). This is so
because the rate limiting step may be the transfer of charge carriers across what is
termed the space charge region (Osseo-Asare, 1992). It has been previously stated that
chalcopyrite is an n-type semi-conductor (Ghahremaninezhad, 2012; Crundwell,
2015). Some studies have reported that chalcopyrite is a p-type semiconductor (Parker
et al., 2003), while others have stated that chalcopyrite can be both n-type and p-type
(Klauber, 2008; Zhao et al., 2017). In order to gain a better understanding of how the
chalcopyrite interacts with an electrolyte, it is important to look at how semiconductors
in general behave in the presence of an electrolyte and what happens at the solid/liquid
interface. In the solution, electrical charge is transferred by ions whilst in the solid
conductor, the charge is transferred by electrons (Nikoloski, 2003) as well as holes
(Osseo-Asare, 1992). According to Crundwell (2015), the interface between the semiconductor and the solution is charged and has 3 distinct regions which are shown in
Figure 13. The three regions at the solid-liquid interface are:
a) The space charge region on the solid side of the interface with a depth of ≈ 5200 nm (Crundwell, 2015, Hiskey, 1993).
b) The Helmholtz layer, which lies between the surface and the distance of closest
approach of non-adsorbed ions to the surface (Morrison 1980). This electrolyte
layer contains water molecules (Nikoloski, 2003).
c) The Guoy-Chapman region of diffuse charge between the outer Helmholtz
layer and the bulk solution.
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These regions can be represented diagrammatically as shown in Figure 13.

Figure 13. The semiconductor-solution interface showing the regions of accumulation of charge
(After Crundwell, 2014b).

During metal dissolution in a system where there is no oxidising agent present, the
metal dissolution would stop after a small amount of metal ions are produced
(Nikoloski, 2003). This is because, the rate of metal oxidation would be the same as
the rate at which metal ions are reduced and re-enter the metal lattice. Equilibrium of
the system would be maintained in this way. By introducing an oxidising species, the
electrons present on the metal surface would be accepted by that oxidising species and
the electrical double layer (EDL) would become discharged, causing more metal ions
to enter the electrolyte in a bid to re-establish the equilibrium which existed before the
introduction of the oxidising agent (Nikoloski, 2003). In this way, the dissolution of
the metal can proceed (Crundwell, 2013). The rate of transfer of an atom from its
position in the solid to a position in the solution depends on the potential difference
across the double layer.
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However, in a semi-conductor such as chalcopyrite, things happen a little differently.
The electronic structure of a semiconductor consists of two bands namely the valence
band and the conduction band (Crundwell, 2014b) as illustrated in Figure 14.

Figure 14. An illustration of the fluctuating energy level model of a redox couple near a
semiconductor surface. EC = lower conduction band, EV = upper valence band, EF = Fermi level,
λ = reorganisation energy of a polar medium, Eox = most probable energy of the oxidant, Ered =
most probable energy of the reductant, Eredox = energy of the redox couple (After Hiskey, 1993).

The valence band is occupied by electrons and has bonding characteristics, and the
conduction band is void of electrons and is anti-bonding (Hiskey 1993; Crundwell,
2014b). Such electronic distribution is important in explaining the leaching of
chalcopyrite. This is because electrons must be removed from the valence band for
anodic dissolution of chalcopyrite to take place (Crundwell, 2015). Chalcopyrite is an
n-type semi-conductor and has a band gap of 0.6 eV. The band gap is the difference in
energy between the valence band and the conduction band. The structure of
chalcopyrite has an excess of metals over sulfur, giving chalcopyrite the characteristics
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of an n-type semi-conductor (Crundwell, 2015). There is current flow when a cathodic
potential relative to the open circuit potential is applied to an n-type semiconductorsolution interface, with minimal or no current flow when an anodic potential is applied
(Crundwell, 2015).
Further increases of potential in the anodic direction relative to the open circuit
potential can result in the Fermi Level dropping below the energy level of the valence
band. The Fermi level (EF) of a semi-conductor is defined as an energy level occupied
by an electron with a probability of 0.5. At the semi-conductor/electrolyte interface,
the electrochemical potential must be the same in both the solid and the aqueous phases
to establish thermodynamic equilibrium (Osseo-Asare, 1992). For the solution, the
electrochemical potential is determined by the redox potential (Ghahremaninezhad,
2012). For the semiconductor, electrochemical potential is determined by the Fermi
Level (Ghahremaninezhad, 2012). Charges will be exchanged between the semiconductor and the solution to establish equilibrium if the redox potential of the solution
and the Fermi level of the semi-conductor are at different energy levels (Memming,
2001). Electrons tunnel or hop through the defect states from the valence band at the
surface to the conduction band (Crundwell (2014b). At this point significant current
flows due to anodic dissolution. Removal of valence band electrons creates holes. A
hole is created when a bond is broken; therefore, the associated current flow at this
point is related to anodic dissolution (Crundwell, 2014b).
By bringing a semi-conductor such as chalcopyrite into contact with an electrolyte, a
redistribution of charge in the space charge region of the semiconductor will occur and
this causes the energy levels to bend (Hiskey, 1993). Such effects result in the energy
levels to change as shown in Figure 15. If the electrolyte contains a strong reducing
agent, the reducing agent will release many electrons onto the n-type semiconductor
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causing the energy bands to bend downwards as shown in Figure 15(b) (Hiskey, 1993).
On the other hand, if the electrolyte has a strong oxidising agent, this will extract
electrons (create holes) from the n-type semiconductor and this scenario is shown in
Figure 15(a).
For charge transfer to take place between the solid and the electrolyte, the redox
=
) must be close to the conduction band edge (Ec) or the valence band
potential (E{Fs=M

edge (Ev) (Hiskey, 1993).

Figure 15: The (a) inversion and (b) accumulation space-charge double layers developed in an ntype semiconductor (After Hiskey, 1993).

The semiconductor electrochemistry principles have been applied to characterise the
layers that form on the chalcopyrite surface. This has been done by measuring the
capacitance of the semiconductor-solution interface and some of the studies have
concluded that different layers are formed on the chalcopyrite surface and these layers
had different semiconductor properties (Ghahremaninezhad et al., 2010). Based on the
semiconductor electrochemistry studies, it was proposed that the slow dissolution of
chalcopyrite is not due to surface passivation, but rather the slow dissolution can be
explained solely in terms of the semiconductor behaviour of chalcopyrite (Crundwell,
2015; Arena et al., 2016). In the electrochemical mechanism of dissolution, all parts
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of the mineral surface are involved in anodic and cathodic half-reactions (Crundwell,
2013). There are no distinct cathodic and anodic zones on the mineral surface during
electrochemical dissolution, the whole surface acts as both the anode and cathode
(Crundwell, 2013). However, Habashi and Bas (2014) opposed this view and gave a
few examples of experiments in which the existence of the cathodic and anodic zones
was demonstrated.
It was proposed that since the dissolution process is a surface phenomenon, the
electrochemical mechanism of dissolution does not require the flow of electrons
(Crundwell, 2013). This argument seems to contradict earlier views by Osseo-Asare
(1992) and many others that for reactions to take place, the reactants should contact
each other at the solid/aqueous interface. One of the steps for achieving this is by the
transport of electronic charge carriers (electrons and holes) to the solid/liquid interface
(Osseo-Asare, 1992). However, other studies have argued that there is no correlation
between the semi-conductor properties (n-type, p-type, resistivity or energy levels) and
reactivity of the oxidising agent (Cu2+ or Fe3+) (Nicol et al., 2016). This lack of
correlation was supposedly due to the presence of impurity metals in natural sulfide,
which can result in many impurity energy levels that produce a complex and
unpredictable band structure (Nicol et al., 2016).
There are suggestions that if the band gap of a material exceeds that for germanium
(Eg = 0.66 eV), a hole decomposition pathway is dominant during the electrochemical
dissolution of the material (Osseo-Asare, 1992). Since chalcopyrite has a band gap of
0.66 eV, it seems likely that its dissolution may proceed through the hole pathway as
well (Crundwell, 2015). As a result of this observation, it has been suggested that any
factors that increase the hole concentration on the semiconductor/aqueous interface,
has a corresponding effect of increasing the dissolution rate (Osseo-Asare, 1992).

94

There are a number of processes that can be used to change the hole concentration at
the surface such as; doping the solid (Osseo-Asare, 1992); controlling the thermal
history of the material (Osseo-Asare, 1992; Hiskey, 1993); introducing aqueous phases
that can inject holes in the solid (Osseo-Asare, 1992) and irradiating the solid/aqueous
phase with light of the appropriate energy (Osseo-Asare, 1992).
In the electrochemistry of a semi-conductor like chalcopyrite, it was suggested that the
interfacial reactions are influenced not only by electron transfer (involving the
conduction band) but also by the transfer of holes (involving the valence band) (OsseoAsare, 1992). For example, it was proposed that the initial chalcopyrite dissolution
step involves the consumption of a hole (Hiskey, 1993). In that proposal, it was
suggested that the lattice Fe3+ and Cu+ are associated with the conduction band and
valence band respectively. The “Fe3+ is released initially while the Cu+ remains with
the valence band” according to equation (71). In a way, equation (71) attempts to
explain the observed faster Fe extraction rates compared to Cu.
CuFeS# + 3h$ → CuS# + Fe,$

1.6.4

(71)

Summary

It is widely accepted that the dissolution of chalcopyrite involves the transfer of
electrons between the chalcopyrite and an oxidising agent. This exchange of electrons
in the system means that chalcopyrite leaching is an electrochemical process where the
anodic reaction is the dissolution of the chalcopyrite. Such anodic reactions are
coupled to the reduction of the oxidising agents present in the solution. It has been
established that galvanic couples are generated when different minerals are in
electrical contact. The mineral with the higher rest potential behaves cathodically and
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is protected while the mineral with the lower rest potential behaves anodically and gets
dissolved. When chalcopyrite and pyrite are in electrical contact, pyrite is cathodically
protected while chalcopyrite becomes anodically dissolved. This has led to
investigations of using pyrite in intimate electrical contact with chalcopyrite as a
potential catalyst for chalcopyrite leaching.
A mineral which is in contact with an electrolyte undergoes anodic and cathodic
processes which are independent of each other. Equilibrium is usually achieved when
the rate of cathodic processes and anodic processes are equal and opposite. The
equilibrium potential at the surface of the mineral in contact with an electrolyte is
referred to as the mixed potential or open circuit potential. Shifting the equilibrium
potential in the anodic direction will result in increased anodic dissolution currents.
The OCP of chalcopyrite in acid solutions lies in the range 370-570 mV (SHE). The
introduction of Fe3+ to the electrolyte results in greater values of OCP. The OCP in
most solutions containing Fe3+ lies at around 600 mV. However, the surface potential
is not the same as the solution potential, which could be much higher than the surface
potential.
In view of the semi-conductor properties of chalcopyrite discussed in the preceding
sections, it is always important to consider the semiconductor properties when
studying the dissolution of chalcopyrite. It is not enough to apply the same approach
that would be used in studying the dissolution of metals, for example. Chalcopyrite is
an n-type semiconductor. N-type semiconductors generally resist dissolution by the
imposition of high anodic currents. It has been reported that n-type semiconductors
can be effectively dissolved through the hole formation pathway. Improved
chalcopyrite leaching can be achieved by manipulating the surface hole concentration.
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This can be achieved, for example by; doping the solid, controlling the thermal history
of the material, introducing aqueous phases that can inject holes in the solid and
irradiating the solid/aqueous phase with light of the appropriate energy.

1.7 The leaching of chalcopyrite in the presence of catalytic additives
1.7.1

The use of catalysts in chalcopyrite leaching

A number of potential catalysts for chalcopyrite dissolution have been investigated in
the past. These include surfactants, silver ions, haematite, iron powder and carbon
particles (Hiroyoshi et al., 2002). The introduction of foreign soluble ions to a leaching
system is thought to result in a catalytic effect due to the alteration of the
electrochemical behaviour of the minerals as the ions fix themselves onto the surface
of the mineral (Ballester et al., 2007). These ions attach themselves to the surface by
formation of a metal sulfide by dissolution of the original mineral sulfide through
either galvanic interactions or through substitutions in the crystal lattice (Ballester et
al., 2007). Linge (1976) proposed that the leaching rate of chalcopyrite is controlled
by a solid-state diffusion process because ferric leaching of chalcopyrite is too slow
for reactant or product diffusion through a porous layer to be rate controlling. Pretreatment of chalcopyrite can increase its reactivity (Hackl et al., 1995). Such pretreatment of chalcopyrite can be achieved through fine grinding, thermal treatment to
get lattice strain and silver catalysis (Hackl et al., 1995; Dutrizac, 1989). In addition,
chemical catalysis and conversion of chalcopyrite to a different sulfide species can
improve the leaching rate (Hackl et al., 1995; Dutrizac, 1989).
It has been postulated that the catalytic effect of metal ions is realised when the metal
sulfide crystal is activated by catalyst ions through substitution with the formation of
a new sulfide on the surface layers of the lattice (Ballester et al., 1992; Gomez et al.,
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1995). The catalytic effect was further viewed from the electrochemical viewpoint of
galvanic coupling. The new sulfide formed is believed to establish a galvanic couple
with the underlying chalcopyrite leading to galvanic corrosion of chalcopyrite
(Ahonen and Tuovinen, 1990). Maintaining good electrical contact between galvanic
couples is necessary for galvanic corrosion to be effective. Such electrical contact is
often made difficult by the formation non-conducting films on the chalcopyrite surface
(Munoz et al., 2007a).
A number of different ions have been tested to investigate their effect on the
electrochemical behaviour of metallic sulfides (Barriga-Mateos et al., 1987). Ballester
et al. (1992) tested a dozen different ions to investigate the catalytic effect they had on
chalcopyrite leaching. These ions are Ag, Hg, Bi, Sn, Cd, Co, Ru, As, Ni, Cr, Mo, and
Mn. More recently, Munoz et al (2007a) tested the effect of a few different metal ions
(Ag, Sb, Bi, Co, Mn, Ni and Sn) on chalcopyrite leaching. It has since been established
that out of the different metal ions investigated to date; only Ag has a significant
positive effect on chalcopyrite leaching (Munoz et al., 2007a).
Two mineral phases in electrical contact can form a galvanic couple, where the species
with the more negative rest potential is more favourably leached (Ballester et al.,
1992). There have been proposals that for the catalytic effect to take place, the catalytic
ions are required to participate in redox reactions between the sulfide and the oxidising
agent in the solution (Ballester et al., 1992). The catalytic ions have been proposed to
get incorporated into the lattice of the original sulfide (Gomez et al., 1995):
MeS + M #$ → MS + Me#$

(72)

where MeS is the metal sulfide and M2+ is the catalytic ion added to the solution.
There are reports that have suggested that to have a catalytic effect, potential catalytic
ions should result in the increase of surface rugosity, which means an increase in
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roughness, and as a result, an increase in the surface area and therefore increased rate
of reaction (Peters, 1986). Scott and Dyson (1968) carried out some of the pioneering
studies on zinc sulfide to see the effect of several metal species on the pressure leaching
of sphalerite (ZnS). These studies showed the effectiveness increased in the following
order:
Fe < Mo < Ru < Bi < Cu

(73)

The dissolution of chalcopyrite in ferric sulfate has been represented in Equation (7)
where S0 is produced. According to Nazari et al. (2012), the sulfur layer formed limits
electron transfer and this accumulation of sulfur slows down the leaching rate.
Addition of silver ions to the system is believed to modify the sulfur layer and the
leaching of chalcopyrite is enhanced when the electrical properties of this sulfur layer
improve (Nazari et al., 2012). In previous studies, the electrical properties of the sulfur
layer formed on the chalcopyrite surface during leaching were modified by the addition
of conductive carbon particles (Wan et al., 1984). In that study, Wan et al. (1984)
discovered a four-times increase in the leaching rate of chalcopyrite by addition of the
carbon particles. However, it was asserted that there is also a possibility that the carbon
particles improve leaching by minimising the adherence of elemental sulfur to the
chalcopyrite surface. The adherence of the sulfur to the particle surfaces would
otherwise inhibit leaching (Habashi, 2009).
The effect of mercury (Hg) on the bioleaching of a complex sulfide was tested by
Ballester et al. (1992) and it was found that addition of Hg in the presence of bacteria
increased the dissolution rate of copper and zinc. In the absence of bacteria, it was
found that extraction was very low (Ballester et al., 1992). However, high Hg levels
play a part in metal toxicity on the bacteria, which resulted in reduced leaching rate
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(Ballester et al., 1992). The best results were obtained at intermediate concentration
(0.2 g Hg /kg of concentrate).
In the absence of bacteria, it was found that bismuth ions (Bi) had no effect on copper
extraction from a complex sulfide (Ballester et al., 1992). The addition of Bi ions to
the leach solution in the presence of bacteria had a positive effect on the initial rate of
dissolution but not on the extent of leaching (Ballester et al., 1992). The best results
were obtained when 0.2 g Bi3+ /kg of concentrate was used. The Cu extraction from
chalcopyrite was lower with Bi ions than with Hg (Ballester et al., 1992).
The presence of chloride ions to a sulfate leach also has a beneficial effect on the
leaching of copper sulfides in sulfuric acid (Senanayake, 2009). The role of the
chloride ions is believed to be facilitating the formation of a porous layer of sulfur on
the chalcopyrite surface rather than a compact and dense layer (Senanayake, 2009).
This agrees with another study where cyclic voltammetry was used on carbon-paste
chalcopyrite electrodes. The study showed that the oxidation rate of chalcopyrite is
greatly enhanced by the presence of the chloride ions and a higher temperature (Lu et
al., 2000). The enhanced Cu extraction was believed to be a result the formation of a
porous sulfur layer on the chalcopyrite surface (Lu et al., 2000). A porous sulfur layer
allows the diffusion of the reagent to the mineral surface (Lu et al., 2000). The positive
effect of sodium chloride has been observed in both the ferric sulfate leaching and the
ferric chloride leaching but the positive effect is more pronounced in the sulfate
medium than the chloride medium (Carneiro and Leao, 2007).
In addition, the improved Cu extraction is believed to occur due to the formation of
copper-chloride complexes (Carneiro and Leao, 2007). However, the addition of
sodium chloride was observed to result in the formation of natrojarosite
[NaFe3(SO4)2(OH)6], which is accompanied by a drop in the Fe3+ concentration in the
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solution (Carneiro and Leao, 2007). It has been reported that in the presence of Cl-, the
cuprous ions (Cu+) are stable. This manifests in the Cu2+/Cu+ couple becoming the
main redox couple rather than the Fe3+/Fe2+ couple if there continues to be enough
chloride ions (Carneiro and Leao, 2007). However, the Cl- ions should be readily
available in solution to avoid precipitation of CuCl (Carneiro and Leao, 2007).
1.7.2

The use of silver as a catalyst in chalcopyrite leaching

Notwithstanding the amount of research on different possible additives, it has been
found that silver ions are very effective catalysts for chalcopyrite dissolution (Munoz
et al., 1998; Escudero et al., 1993). The early studies on the catalytic effect of silver
on chalcopyrite leaching mechanisms suggested that how the silver is introduced to
the leaching system has a huge impact on the leaching rate (Miller and Portillo, 1979).
It was suggested that allowing chalcopyrite to react with ferric sulfate before the
addition of silver allowed the formation of an elemental sulfur layer which inhibits
further reaction (Miller and Portillo, 1979) and as a result the catalytic effect of Ag
will not be realised.
Many studies have investigated the catalytic effects of silver. In one study, the leaching
of chalcopyrite in the presence of 200 mg/L Ag improved Cu extraction to >93%
compared to 40% in the absence of Ag added as AgNO3 in bioleaching experiments
(Abdollahi et al., 2015). It has been reported that the activation energy in the presence
of silver during leaching of chalcopyrite is about four times less than in the absence of
Ag (29.25 kJ/mol compared to 130.7 kJ/mol) (Cordoba et al., 2008c). However,
despite the observed positive effects of adding Ag to leach solutions, there is no
common agreement on the mechanism of chalcopyrite leaching in the presence of
silver. The catalytic effect of silver has been reported to occur through three possible
routes (Ghahremaninezhad et al., 2015);
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•

direct catalysis of chalcopyrite dissolution by the silver ions

•

indirect catalysis through hydrogen sulfide dissolution

•

improved conductivity through the incorporation of silver sulfide into the
structure of the passive film.

According to previous studies, the sulfur layer formed in the presence of silver is
porous and as a result, it is not as a diffusional barrier (Miller et al., 1981; Cordoba et
al., 2008b). Early studies indicated that in the absence of silver, a dense layer of
elemental sulfur may form on the chalcopyrite surface and may act as a diffusion
barrier (Miller et al., 1981). Scanning Electron Microscope (SEM) analysis showed
that the sulfur formed in the presence of silver was porous yet the sulfur formed in the
absence of silver was quite dense and tenacious (Miller et al., 1981). It has also been
reported that the initial dissociation of metal-sulfide bonds allows the liberation of the
metal ions, resulting in metal-deficient sulfides (Ahonen and Tuovinen, 1990). The
metal–deficient sulfides eventually lead to the formation of elemental sulfur. This
sulfur is highly resistant to oxidation at ambient temperatures (Ahonen and Tuovinen,
1990). However, Ghahremaninezhad et al. (2015) argue that none of the published
literature explains why the elemental sulfur formed in the presence of silver is porous.
In the absence of an oxidising agent, the reaction of the silver ions with chalcopyrite
has been proposed to be an exchange reaction shown in Equation (74) (Miller and
Portillo 1979):
CuFeS# + 4Ag $ → 2Ag # S(9t{m;uF) + Cu#$ + Fe#$

(74)

ΔG= = −227.702 kJ/mol (Miller et al., 1979; Price and Warren, 1986).
The silver catalysed reaction stoichiometry when the ferric sulfate oxidant is present
was found to be the same as Equation (74) (Miller et al., 1981). The rate of chalcopyrite
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leaching reportedly increased with silver ion concentration up to 1 mM Ag+ and any
further increases in Ag+ concentration had a negative effect on chalcopyrite leaching
(Miller et al., 1981). The Ag2S rapidly forms on the surface as a greyish layer (Ahonen
and Tuovinen, 1990). When Fe3+ ions are present, there is rapid reaction of the Ag2S
film with Fe3+ according to Equation (75) by Miller et al., 1981;
Ag # S(9t{m;uF) + 2Fe,$ → 2Ag $ + 2Fe#$ + S =

(75)

There have been some disagreements with the mechanism represented by Equations
(74) and (75). It has been argued that these equations do not fully explain the catalytic
effect of silver on chalcopyrite leaching (Nazari et al., 2012). Other studies have
reported that there is negligible Ag2S dissolution in acidic ferric sulfate solutions
temperatures under 100 °C (Dutrizac, 1994). On the other hand, the catalytic effect of
silver ions is still experienced even at lower temperatures where Ag2S would not be
expected to dissolve. In addition, it was suggested that the Ag2S formed is not oxidised
by the Fe3+ because the reaction is not thermodynamically feasible at 25 °C (Nazari et
al., 2012) as indicated by equation (76).
Ag # S + 2Fe,$ = 2Ag $ + 2Fe#$ + S 1 ΔG1 = +45.927 kJ/mol

(76)

However, it was also reported that equation (76) is thermodynamically close to
equilibrium and is very sensitive to temperature and composition changes (Miller et
al., 1981). This was supported by Ghahremaninezhad et al., 2015) who concluded that
the reaction can be made feasible at high ferric and low silver concentrations,
according to Equation (77):
a#žŸH . a#EFGH
kJ
ΔG C
J = 45.9 + ln •
mol
a#EFIH
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(77)

Some studies have reported that the Ag2S layer detected on the surface is not a postdissolution precipitate and its formation indicates a solid-state mass transfer
mechanism (Parker et al., 2003). Reaction (76) is believed to be rate controlling and a
constant supply of Fe3+ is required to regenerate the silver for the catalysis to continue
(Munoz et al., 2007b). In addition, the step shown by Reaction (76) has been disputed
in other studies because when the silver catalysed leaching of chalcopyrite was carried
out, no elemental sulfur was detected on the surface (Parker et al., 2003).
Chalcopyrite is highly reactive in the presence of even minute Ag concentration (down
to 0.2 mM) whether Fe3+ is present or not (Parker et al., 2003). In the presence of Ag,
the leaching of chalcopyrite was accelerated at pH 1.9 with the production of a layer
of Ag2S layer several thousand angstrom (Å) thick in under 30 minutes (Parker et al.,
2003). The thickness of such a layer implies that diffusion becomes important
(Ghahremaninezhad et al., 2015). It is believed that diffusion of the Ag+ is required for
transport from the Ag2S/solution interface to the Ag2S/CuFeS2 interface through the
thick Ag2S layer (Ghahremaninezhad et al., 2015). The effect of silver on the semiconducting properties of chalcopyrite is a time-dependent process and usually reaches
steady state after 15 minutes (Ghahremaninezhad et al., 2015) and this implies that the
diffusion of the silver into the chalcopyrite surface is a rate-determining process
(Ghahremaninezhad et al., 2015).
There are several studies which suggest that metallic silver on the chalcopyrite surface
plays an important role in the leaching mechanism. Previous studies have suggested
that Ag2S is not soluble in sulfate media for temperatures under 100 °C (Dutrizac,
1994). With the limited dissolution of Ag2S, it can be argued that there should be
another reason why the silver can still improve chalcopyrite leaching the oxidation of
Ag2S as suggested by equation (75). It was previously reported that the presence of
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miniscule amounts of metallic Ag particles improves the conductivity of the sulfur
layer when these Ag particles become incorporated into the sulfur (Nazari et al., 2012).
Price and Warren (1986) also proposed that the presence of metallic silver works in
the same way that Ag2S does by increasing the conductivity. Such ideas were earlier
proposed by Wan et al., (1984) who proposed that in chalcopyrite leaching, if electron
transport is rate limiting, modification of the surface product layer to increase its
conductivity should result in improved leaching of chalcopyrite. Mercury has also been
proposed to have a similar catalytic effect to Ag. Hg, just like Ag, has a high electrical
conductivity and a similar redox potential (Nazari et al., 2012).
The possibility of metallic Ag being responsible for the catalytic effects on
chalcopyrite leaching has not been thoroughly investigated although it has been
mentioned by several authors (Blazquez et al., 1999; Munoz et al., 1998). Ag0 has been
predicted to deposit on the chalcopyrite surface based on the Eh-pH diagram (Figure
16) (Munoz et al., 1998). The deposition of Ag0 has been proposed to take place
according Equation (78) (Price and Warren, 1986). In these early studies, it was
suggested that the presence of Ag could influence the dissolution of chalcopyrite by
the incorporation of conductive particles into the sulfur layer, thereby increasing its
conductivity (Price and Warren, 1986).
CuFeS# + 4Ag $ ⇄ Cu#$ + Fe#$ + 4Ag 1 + 2S 1 (Munoz et al., 1998) (78)

The stability region of the Ag2S is surrounded by metallic Ag in the Eh-pH diagram
as presented by Figure 16. This suggests that Ag0 can be generated on the surface by
either reduction or oxidation of Ag2S (Munoz et al., 1998).
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Figure 16. Pourbaix diagram for Ag-S-H2O at 68 °C and 1 atm [Ag+] = 0.01 M; [S] = 1 M (after
Munoz et al., 1998).

The formation of Ag0 on the surface of chalcopyrite was also predicted by cyclic
voltammetry on chalcopyrite electrodes (Price and Warren, 1986). However, Ag0 was
not physically detected in that study by techniques such as x-ray diffraction (XRD)
due to the presumably small quantities of Ag0 that form (Price and Warren, 1986). The
Ag0 was predicted to form due to reaction with chalcopyrite according to Equation
(78). It has also been suggested that after the initial formation of Ag2S on the surface
of sulfide minerals after the interaction with Ag+ ions, there is formation of Ag0 at
longer reaction times (Scaini et al., 1995). However, these tests by Scaini et al (1985)
were conducted on the sulfide minerals pyrite, galena and sphalerite but not on
chalcopyrite. Therefore, the presence of Ag0 on chalcopyrite from that study was
inferred rather than being confirmed experimentally. Other studies have proposed that
there is formation of Ag0 due to the reduction of Ag+ by ferrous ions (Kolodzziej and
Adamski, 1984) as shown in Reaction (79).
Ag $ + Fe#$ → Ag 1 + Fe,$
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(79)

From the discussions in the preceding paragraphs, there is a strong possibility of Ag0
formation on the chalcopyrite surface when Ag is added as a catalyst during
chalcopyrite leaching.
There are some additional arguments that can be presented to explain why Ag2S may
not be desirable in the catalysis of chalcopyrite leaching. Ag2S is not conductive
(Chudnovsky et al.; 2003). The conductivity of Ag2S varies with temperature (Hebb,
1952). This is shown in Figure 17 for the range of temperatures from 100 °C to about
300 °C. However, most of the leaching work for chalcopyrite is done under ambient
conditions especially in heap leaching operations. According to Figure 17, at ambient
conditions, the conductivity of Ag2S under is even lower than shown, by interpolation.
However, the figure also shows that if Ag2S is in equilibrium with Ag0, the
conductivity is improved by two orders of magnitude as shown in Figure 17 (Hebb,
1952). The temperature of 177 °C indicates a transformation from the β-Ag2S to the
α-Ag2S (Hebb, 1952). The α-Ag2S is more conductive than the β-Ag2S.
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Figure 17. The variation of electrical conductivity of silver sulfide with temperature in
equilibrium with sulfur or silver (After Hebb, 1952).

The improvement in the conductivity of Ag2S is improved dramatically by just having
the Ag2S in equilibrium with Ag0. It was previously reported Fe3+ ions are not
necessary for the Cu extraction when Ag is present, even at low levels (Parker et al.,
2003). On the other hand, excess Fe3+ can also have a detrimental effect due to the
formation of jarosite-type precipitates which can incorporate silver, such as
AgFe3(SO4)(OH)6 (Munoz et al., 2007b). It was previously proposed that a high initial
potential is favourable during Ag-catalysed leaching of chalcopyrite because the ferric
ions were necessary for the regeneration of the Ag+ ions (Cordoba et al., 2008c).
In the Galvanox process, it was proposed that the addition of Ag improves the leaching
of chalcopyrite when the Ag dissolves in the ferric sulfate with the dissolved Ag then
expected to react with sulfur to form Ag2S (Nazari et al., 2012). The presence of the
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Ag2S in the non-conductive sulfur layer was then reported to greatly enhance the
conductivity of the sulfur (Nazari et al., 2012). This improved conductivity enhances
the rate of electron transfer to facilitate the cathodic reaction in chalcopyrite
dissolution (Munoz et al., 1998). In such a case, a continuous flow of current can be
established without reaching a limiting value as would be the case for elemental sulfur
in the absence of Ag (Munoz et al., 1998). Another study proposed the layer formed
on the chalcopyrite surface was a mixed phase system (CuxAg1-x)2S, which possesses
high ionic conductivity such that Ag2S phase acts as a transport medium for copper
(Kadrgulov et al., 2001). This is believed to be possible because the Cu(I) ion has a
much smaller radius that the Ag(I) (Parker et al., 2003).
The rest potential of a chalcopyrite electrode rises by about 200 mV Ag is present
compared to the rest potential in the absence of Ag (Ahonen and Tuovinen, 1990).
Miller et al (1981) measured a rest potential of 787 mV (SHE) at 80 °C in the presence
of Ag (Miller et al., 1981). Such a high electrode potential was not recorded in the
absence of Ag. It was suggested that the rest potential of equation (80) is the one which
is being measured and not of chalcopyrite.
Ag # S ⇄ 2Ag $ + S = + 2e(

(80)

The standard potential for equation (80) has been reported to be between 799 mV and
1000 mV at 25 °C (Miller et al., 1981). According to Ahonen and Tuovinen, this high
rest potential of the silver sulfide, Ag2S allows it to form a galvanic couple with
chalcopyrite (Ahonen and Tuovinen, 1990). The Ag2S has a higher rest potential than
chalcopyrite and will be galvanically protected while chalcopyrite will be anodically
dissolved (Ahonen and Tuovinen, 1990). As indicated in Table 10, the rest of
chalcopyrite is between 0.52 and 0.56. This agreed with Parker et al (1981) who had
suggested earlier that Ag2S could be used as a catalyst for chalcopyrite dissolution as
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it was nobler in terms of electrode potentials. This view was however disputed on the
basis that for a silver catalysed system, the electrochemical mechanism has not been
fully characterised (Hu et al., 2002).
The presence of other sulfides and certain gangue minerals can have a negative effect
on the catalytic effect of Ag during chalcopyrite leaching. Such sulfides and gangue
minerals are believed to retain some Ag in their crystal structures (Munoz et al 2007a).
This suggests that there would be less silver available for continued catalysis. If Ag+
is present in excess there is formation of Ag2SO4 (Warren et al., 1984). The formation
of Ag2SO4 would consume Ag+ close to the Ag2S surface (Price and Warren, 1986).
This will result in lower Cu extraction rates (Cordoba et al., 2008c). Increasing the Ag
concentration, which results in the formation of Ag2SO4, reduces the effective area of
chalcopyrite exposed for attack by the Ag+ ion as well as conductivity (Ahonen and
Tuovinen, 1990). The oxidation of the sulfide layer results in a decrease in current
density due to formation of a porous layer of silver sulfate on the surface So according
to Equation (81) (Ahonen and Tuovinen, 1990);
2Ag $ + SO#(
6 ⇄ Ag # SO6

(81)

Ahonen and Tuovinen (1990) observed that Ag was more effective in bioleaching as
compared to chemical leaching. This is due to the additional role played by bacteria in
the rapid oxidation of the Fe2+ back to Fe3+. In bacterial leaching, the bacteria are
viewed as electron acceptors, facilitating the oxidation of Fe2+ to Fe3+ which also
maintains a favourable Fe3+/Fe2+ ratio and therefore oxidation-reduction potential
(ORP) (Ahonen and Tuovinen, 1990). Other studies observed that Ag is toxic to the
bacteria (Sugio et al., 1981).
There have been attempts to explain the catalytic effect of Ag during the reductive
leaching mechanism as suggested by Hiroyoshi et al. (2002). It has been reported that
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in the first stage, chalcopyrite is reduced to chalcocite and the Ag+ ions remove
hydrogen sulfide formed during the reduction (Hiroyoshi et al., 2002).
2CuFeS# + 6H $ + 2e( = Cu# S + 2Fe#$ + 3H# S

(82)

2Ag $ + H# S = Ag # S+2H $

(83)

The positive effects of Ag have also been explained in terms of chalcopyrite
semiconductor properties. There is a possibility that the silver modifies the
semiconductor properties of chalcopyrite. In the study of the electrochemistry of
sulfides, Osseo-Asare (1992) suggested that the transfer of charges across the space
charge region may be rate limiting. It is also interesting to note that there is no space
charge layer in metals (Crundwell, 2015). Given this fact, it would be interesting to
know how the presence of Ag0 on the surface of the semi-conducting chalcopyrite can
interfere with the space charge region. It has been stated that interfacial charge transfer
must occur for electrochemical reactions to take place and the dissolution rate is
heavily influenced by factors that affect transport of charge carriers, adsorption at the
interface as well as the breaking of bonds (Osseo-Asare, 1992).
A new model for the silver catalysed system based on the semi-conducting properties
of the chalcopyrite passive film has also been proposed. In this model, Ag+ is thought
to adsorb on the surface of the passive film (Ghahremaninezhad et al., 2015). The
adsorbed Ag+ is believed to form Ag2S, with the sulfur described as a sulfur vacancy.
This reaction is accompanied by the formation of two holes (h+) in the passive film
(Ghahremaninezhad et al., 2015). The high point-defect concentration caused by the
formation of the sulfur vacancy results in increased diffusion rates. The sulfur
vacancies eventually condense and form the porous elemental sulfur on the surface.
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The addition of Ag is also thought to result in the relaxation of the surface due to the
presence of the holes.
1.7.3

The recovery of silver from leach residues

Some questions have been raised about the practical application of Ag as a catalyst
due to problems with Ag recovery and recycling (Abdollahi et al., 2015). It is
necessary to recover the Ag from the solid residues. One study suggested that Ag may
be recovered using thiosulfate and thiourea (Canfell, 1998). Thiourea and thiosulfate
are reported to be able to form soluble complexes with Ag (Canfell, 1998). Ballester
et al (2007) have also suggested other ways to recover Ag. These processes anticipate
that the added Ag remains in the solid residue and can be recovered from these solid
residues by some of the following processes:
i.

Leaching with strong acids

ii.

Leaching with chlorine

iii.

Leaching with acid chloride solutions

iv.

Leaching with cyanide salts or ammonia under alkaline conditions.

However, Ag is not used at a commercial level because the Ag cannot be fully
recovered. Ag is expensive so the apparent inability to recover the Ag makes the
process costly (Hiroyoshi et al., 2002; Tshilombo, 2004). The catalytic effect of Ag
would still need to be fully understood to develop cheaper catalysts to improve the
leaching of chalcopyrite (Hiroyoshi et al., 2002).

1.8 Conclusions
It is quite apparent that despite much effort that has been put into finding alternative
processing options for chalcopyrite, there is still no common understanding on the
causes of the slow dissolution and incomplete dissolution of chalcopyrite. There is
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agreement between different studies that a surface product on the surface of
chalcopyrite is responsible for the slow leaching kinetics displayed by chalcopyrite.
However, the composition of the passivating layer has not yet been fully resolved.
Several sources in the literature have made a wide range of proposals. The conditions
under which the different layers that have been proposed are quite diverse. With the
wide range of experimental conditions having been applied in different studies, it is
difficult to unify the different contributions in coming up with a plausible leaching
mechanism. As a result, there are still a lot of unresolved questions that need to be
answered.
This study will not attempt to address all the issues that are still outstanding with
regards to the chalcopyrite leaching mechanism. However, particular emphasis will be
placed on investigating the role of Ag as a catalyst in chalcopyrite. As reported in
Section 1.7 and the subsequent subsections, literature has suggested that Ag has a
positive effect on the leaching of chalcopyrite. There is great potential for the use of
Ag as a catalyst. Given the reported benefits of using Ag, it is quite clear that Ag offers
great promise as a potential catalyst. However, because silver is expensive, there is a
need for careful consideration on the amounts of silver that can be used to make the
Cu extraction economically justifiable. It is also vital to ensure that any silver that is
added can be regenerated for it to be recycled. Therefore, there is still a lot of research
that still needs to be done to meet some of these objectives. A deeper understanding of
the catalytic effect that silver has on chalcopyrite leaching can also create another
window of opportunity. For example, once the mechanism of catalysis if fully
understood, it may then enable new investigations on much cheaper alternative
catalysts.
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Chapter 2. Materials and Methods
The objectives of this chapter are:
•

To describe the materials which were used in this study.

•

To describe the experimental methods used in the study.

•

To describe the various instruments used in the study.

•

To describe the conditions at which different tests were carried out.

140

2.1 Introduction
A number of tests and experimental techniques were applied in this study applied.
Each of these techniques generated information that was used to complement the
information generated using other different techniques. Therefore, each experimental
technique was not meant to be a standalone technique, but rather to complement the
results generated by other techniques. This chapter will describe the materials and
methods which were used applied in this study. The aspects which are covered by this
chapter will include details about the minerals, electrolytes and equipment used in this
study.

2.2 Materials
2.2.1

Massive chalcopyrite samples

Several electrochemical measurements were carried out in this study. “Massive”
chalcopyrite samples were used for all the electrochemical investigations. For all the
electrochemistry tests, high purity “massive” chalcopyrite samples were used. Two
different “massive” chalcopyrite samples from two different sources were used in this
study. The “massive” chalcopyrite samples originated from the following sources:
i.

Mt Lyell, Queenstown, Tasmania, Australia (currently a closed mine).

ii.

Eagle Mine, Gilman, Eagle County, Colorado, USA (now a closed site).

The massive chalcopyrite sample from Mt Lyell was analysed by inductively coupled
plasma (ICP-AES) analysis at the Marine and Freshwater Research Laboratory
(Murdoch University) following an acid digest. The ICP results are summarised in
Table 12. In Table 12, it is shown that apart from Cu, Fe and S, no other element was
present in significant quantities. Based on the ICP results, this sample was found to be
predominantly composed of copper (38.5% w/w), iron (35.3% w/w) and sulfur (25.9%
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w/w), which collectively made up 99.7% of the total weight. Therefore, it is quite
evident from the ICP results that the Mt Lyell sample can be considered as a high
purity chalcopyrite sample. The Eagle Mine sample was only characterised by XRD,
which did not show the presence of any other crystalline phases being present. ICP
analysis was therefore not considered necessary for this sample.
Table 12. ICP results of the Mt Lyell chalcopyrite ore.

Element

Quantity of element detected

Quantity

(mg/kg)

(g/kg)

Cu

330000

330

Fe

300000

300

S

220000

220

Sn

220

0.22

Pb

190

0.19

Zn

95

0.095

As

72

0.072

Ni

32

0.032

Na

30

0.03

Ag

29

0.029

Mg

9

0.009

Mn

5.3

0.0053

Co

3.0

0.003

Cr

1.2

0.0012

Sr

1.1

0.0011

Ti

1.0

0.001

Hg

1.0

0.001

Ba

0.9

0.0009

The two chalcopyrite samples (Mt Lyell and Eagle Mine) were also characterised by
x-ray diffraction (XRD). The XRD analysis was done on a GBC Enhanced Mini
Materials Analyser (EMMA) diffractometer. Data was collected over 2θ range
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between 20° and 80° at 1° per minute. The XRD was optimised at the accelerating
voltage of 35 kV and a beam current of 28 mA.
The XRD patterns generated were matched against the International Centre for
Diffraction Data (ICDD) database using the ‘search-match’ function. The XRD
patterns for the two chalcopyrite samples are given in Figure 18. There is a good match
between the two XRD patterns with the database (PDF 00-025-0288). No other
crystalline phases were detected and so the XRD results confirm the ICP results that
the samples used were of high purity chalcopyrite, with no detectable impurities.

Figure 18. XRD of the chalcopyrite sample used in the study. It shows that the mineral is pure
chalcopyrite (PDF 00-025-0288, ICDD).

2.2.2

Leaching ore sample

Leaching studies were done on a chalcopyrite-containing ore sample which had the
mineralogical information given in Figure 19. The main gangue minerals in the ore are
quartz (SiO2) (45%) and muscovite [KAl2(AlSi3O10)(OH)2, ~40%]. There are also
significant amounts of pyrite (FeS2, ~7%) and kaolinite [Al2Si2O5(OH)4, ~3%]. In the
ore, chalcopyrite constituted 2.1% while other copper minerals constituted a very small
fraction of the ore. From Figure 19, chalcopyrite was the most abundant copper bearing
mineral, making up 87.7% of the total copper in the ore. Therefore, the behaviour of
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the chalcopyrite is going to be the most dominant of all the copper minerals and
therefore the most important.

Figure 19. The composition of the chalcopyrite ore that was used in the leaching studies.

2.2.2.1

Ore sample preparation

The targeted particle size for the leaching tests was p80=38 µm. The ore was received
as -1 mm particulate material. The ore was split into 500 g lots by splitting the bulk
ore in a rotary splitting device (RSD). Following this, a rod mill was used to mill each
500 g lot of the ore to the required size when required. The rest of the 500 g lots were
stored in airtight plastic bags in a cold room maintained at 3.5 °C to preserve the ore.
The following procedure was followed for the sample preparation:
Cleaning of grinding equipment
•

To clean the rod mill for milling the ore, an initial 500 g of sand mixed with
500 mL of water to make a 50% pulp was milled in the rod mill for 10 minutes.

•

After this cleaning grind, the mill rods were taken out one by one and washed
thoroughly with deionised water.

•

The interior of the mill was also given a thorough wash.
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•

The interior of the pressure filter was thoroughly cleaned in preparation of the
filtration of the ore pulp.

•

After cleaning all the equipment, the ore was then prepared.

Ore grinding procedure
•

500 g of the -1 mm ore was wet milled with 500 mL of water to produce a pulp
density of 50%. The pulp was milled in a rod mill for 20 minutes to achieve
p80 of 38 µm.

•

The milled pulp was pressure filtered to remove excess moisture.

•

The residual moisture content of the filter cake was determined by drying a
weighed slice the filter cake in an oven set at 40 °C for 24 hours.

•

After determining the moisture content, it was now possible to determine the
mass of wet cake that was needed for each leaching tests to achieve the targeted
5% pulp density (w/w).

•

The rest of the milled sample was sealed in a bag and stored in the cold room
maintained at 3.5 °C.

Sizing of the milled samples was done on a Warman Cyclosizer. The particle size
distribution data is represented in Figure 20, which shows that the p80 of the particles
is very close to the desired 38 µm.
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Figure 20. The particle size distribution of particles that were used in the leach tests.

2.2.3

Chemical reagents used for solution preparation

For the electrochemical measurements as well as the leaching tests, several different
solutions were made up and tested. Such solutions were made up from various
combinations of chemicals given in the list shown in Table 13.
Table 13. List of chemicals used to prepare solutions used in the study.

Chemical

Formula

Grade

Supplier

Sulfuric acid 98 %

H2SO4

Analytical

Univar

Ferric sulfate

Fe2(SO4)3

Laboratory

Chem-Supply

Silver nitrate

AgNO3

Analytical

Univar

Ethylene glycol

(CH2OH)2

Laboratory

Chem-Supply

Magnesium sulfate

MgSO4

Analytical

Univar

Aluminium sulfate

Al2(SO4)3

Analytical

VWR
Chemicals

Copper sulfate

CuSO4

Analytical
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Merck

Lithium sulfate

Li2SO4

Analytical

Sigma-Aldrich

Hydrogen peroxide

H2 O2

Analytical

Rowe Scientific

(C6H9NO)n

Analytical

Sigma Aldrich

C2H6O

Analytical

VWR

≥99.8 %
Polyvinyl pyrrolidone
(MW≈40000)
Ethanol Absolute

Chemicals
Carbon disulfide

CS2

unspecified

unspecified

2.3 Electrode preparation
The “massive” chalcopyrite samples described in Section 2.2.1 were used to fabricate
the rotating disk electrodes that were used in all the electrochemical experiments. The
rotating disk electrode surfaces were always polished before each experiment. The
electrodes were prepared as in the following manner;
•

The chalcopyrite sample was cut into cubes of about 1 cm using a diamond
saw.

•

The chalcopyrite sample cube was attached to a threaded brass metal stub using
silver paint.

•

Subsequently, the whole assembly was mounted in epoxy resin with only one
flat surface being exposed.

•

The exposed surface was prepared for each experiment by mechanical
polishing using a series of silicon carbide (SiC) paper in decreasing grit sizes.

•

The grit sizes used were P1200, P2000, and P2400 successively. The polishing
was wet polishing using de-ionised water.
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•

The electrode was washed with cold de-ionised (DI) water between these
polishing stages.

•

To minimise the occurrence of amorphous layers on the surface, the final
polishing was done with 0.3 µm alumina paste on a soft polishing cloth. The
occurrence of such amorphous layers will be explained shortly.

•

To remove any particles clung to the surface after polishing, the electrode was
washed thoroughly with DI water.

•

This was followed by placing the electrode in an ultrasonic bath (Unisonics
Australia) for 5 minutes.

•

Prior to introducing the electrode to the electrochemical cell, the electrode was
washed thoroughly with DI water.

As a guiding principle to generate reliable results, it is important to follow a set of
guiding principles to produce an even surface from polishing from time to time. There
are a few factors that are always involved when polishing is done with abrasive
particles. These factors depend on more than the chemical and physical properties of
the sample (Remond et al., 2002). They also depend on the composition of the fluid
used as the carrier of the abrasives. Although it was intended to obtain a mirror-finish
surface for each experiment in this study, it has been reported that a residual
topography in the order of the nanometre scale always exists even when an optically
polished surface has been obtained. After polishing, there may be particles still clung
to the pores of the electrode (Brett and Brett, 1993). Such particles may result in
changes in the surface properties of the surface and therefore such particles should be
removed. Therefore, ultrasonic cleaning was used in this study after polishing.
More problems may be created due to thermal effects which may arise during
polishing. Such thermal effects may induce chemical reactions which may be
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accelerated by the electrochemical effects created during abrasive wear mechanism
(Remond et al 2002). The thickness of the oxidised layer which forms can range from
a few nanometers to hundreds of nanometers (Remond et al., 2002). It is therefore very
critical to avoid the formation of such an oxidised layer on the chalcopyrite surface
because one of the objectives of the present study is to study chalcopyrite surface
changes of during leaching. As a result, any potential artefacts should be avoided or
minimised to allow real surface changes to be observed. The thermal oxidation of
natural sulfide minerals occurs by the volatilisation of S and an accompanying increase
in the metal concentration at the surface of metals to form an oxide (Remond et al.,
2002). To minimise such thermal oxidation effects, all the polishing was done in a wet
environment by using cold DI water.

2.4 Electrochemical setup

Figure 21. Electrochemical setup shows the jacketed electrochemical cell connected to the
electrodes. The reference electrode was connected to the bulk solution via a salt bridge with a
Luggin capillary to minimise pressure drop.

For all electrochemical measurements, a 100 mL standard three-electrode
electrochemical cell was used (Figure 21). The required solution was poured into the
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cell which was then sealed with the vessel lid. A mark was made to identify the initial
solution level. The lid had ports for the counter electrode, working electrode and
another port which was plugged with a rubber bung. DI water was periodically added
to the cell from a squeeze bottle through this bottle to bring the level back up to the
original level.
In the electrochemical setup, the chalcopyrite rotating disk electrode was the working
electrode (W). A platinum wire was used as the counter electrode (C). A salt-bridge
connected the reference electrode to bulk solution via a Luggin capillary. The
reference electrode used in the early stages of the present study was an Ag/AgCl (3 M
KCl) electrode. The potential for the Ag/AgCl (3 M KCl) electrode is 200 mV against
the standard hydrogen electrode (SHE). However, with the progression of the study,
the use of the Ag/AgCl was discontinued. As the study began to focus on the use of
Ag as a catalyst, it was observed that a milky emulsion of AgCl was forming in the
salt bridge due to the reaction between the chloride ions within the salt-bridge and Ag+
ions from solution in the electrochemical cell. Following this observation, the
mercury/mercurous sulfate electrode, MMSE, (saturated K2SO4; 615 mV vs SHE) was
used instead. However, regardless of the reference electrode used, all the potential
values reported in this study are stated against the standard hydrogen electrode.
The three electrodes were connected to a potentiostat (EG&G PAR Model 6310
Electrochemical Impedance Analyser). The potentiostat was connected to a personal
computer from which data was collected using appropriate software. The working
electrode was rotated using a PAR Model 616 RDE overhead stirrer. The jacketed cell
contents were brought to the desired temperature of 50 ºC by a circulating flow of water
heated in a Ratek thermoregulatory bath.
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2.5 Electrochemical measurements
2.5.1

Open circuit measurements

Under open circuit potential (OCP) conditions, there is no external imposition of
voltage to the system. Under OCP leaching conditions, the behaviour of the
chalcopyrite is believed to closely resemble the leach behaviour under normal leaching
conditions, where no external voltage is introduced. The electrodes used in the OCP
measurements were prepared as described in Section 2.3. The duration of the OCP
measurements was varied but it was mostly done over 24 hours. Conditions which
were varied and tested include the solution composition temperature and rotation
speed. The OCP was logged using Softcorr III Corrosion Measurement Software for
Windows (PAR). The OCP of chalcopyrite was studied at temperatures that include
25 °C, 45 °C, 50 °C and 65 °C. The electrode rotation speed was varied and speeds of
300 rpm, 600 rpm, 900 rpm and 1200 rpm were investigated. The OCP results will be
presented in Chapter 3.
Depending on the OCP behaviour exhibited by some of the electrodes, such electrodes
were washed thoroughly in deionised water. The electrodes were subsequently dried
in an evacuated desiccator. After drying, such electrode surfaces were prepared for
study using either and optical microscope or a scanning electron microscope (SEM).
The results of such microscope observations are discussed in Chapter 5 of this study It
was not possible and impractical to study each electrode surface on the microscope.
As a result, only a few selected results of the microscope observations will be
discussed.
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2.5.2

Cyclic voltammetry

Cyclic voltammetry was also carried out on chalcopyrite electrodes in various
solutions. In each experiment, 100 mL of solution was used in the electrochemical cell
at the required temperature. The electrode was prepared as described in Section 2.3.
Before the electrode was introduced to the electrochemical cell, high purity nitrogen
(N2) was bubbled through the solution for 15 minutes after which the electrode was
then introduced. The electrode was rotated at 300 rpm for 30 minutes with continuous
N2 bubbling. The nitrogen was bubbled, while ensuring that the bubbles did interfere
with the electrode surface. The electrode was rotated to allow fresh solution to reach
and interact with the surface. Rotating the electrode before the cyclic voltammetry was
done also removed the diffusion layer of fluid likely to develop on the electrode
surface.
After 30 minutes of rotation, the rotation was stopped, and the electrode was rested for
a further 5 minutes to allow quiescent conditions to be established. The cyclic
voltammetry was done thereafter under quiescent conditions with no electrode rotation
but with a blanket of N2 gas. Voltammetry measurements were carried out using
PowerCV software. Each voltammetry measurement was initiated at the OCP with the
initial scan mostly in the anodic direction. In some cases, however, the initial scanning
was done in the cathodic direction. Various scan rates were used in this study
2.5.3

Anodic polarisation

All the anodic polarisation tests were carried out in the 3-electrode electrochemical
cell which was previously described in Section 2.4. All solutions were prepared using
de-ionised water and the relevant chemicals listed in Table 13. For each test, the
solution was placed in the electrochemical cell followed by bubbling high purity N2
through the solution to expel oxygen. The temperature of the cell contents was also
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brought to the required temperature by circulating water at the relevant temperature in
the cell jacket which was regulated using a Ratek thermoregulator.
The electrode was prepared as described in Section 2.3. Following the electrode
preparation, the electrode was immersed in the solution for various periods of time
before the electrochemical measurements. The immersion period varied between
different tests. At the end of the immersion period (or induction period), the
electrochemical measurement was begun. During the induction period, the electrode
was rotated at 300 rpm to generate a constant hydrodynamic flow of solution at the
surface of the electrode. However, during the anodic polarisation measurement, the
electrode was stationary. N2 was bubbled throughout the experiment although care was
taken to ensure that the bubbles did not reach and interfere with the electrode surface.
The anodic polarisation was measured using 352 Softcorr III Corrosion Measurement
Software for Windows (PAR).
2.5.4

Simultaneous linear polarisation resistance (LPR) and OCP measurements

The leaching behaviour of chalcopyrite over extended periods of time is described as
the long-term leaching behaviour. The long-term leaching behaviour of chalcopyrite
was monitored by simultaneously measuring the linear polarisation resistance (LPR)
and the OCP. LPR allows corrosion rates to be measured directly in real time. The
software application used in the electrochemical measurements (Softcorr III Corrosion
Measurement Software for Windows) allows a continuous measurement of OCP and
the measurement of the LPR at selected intervals. To measure the linear polarisation
resistance, the chalcopyrite electrode was polarised in the range -20 mV vs OCP to
+20 mV vs OCP at a scan rate of 0.166 mV/s. The rotation speed was set at 300 rpm
for these tests. A relatively straight line is obtained when the applied potential is

153

plotted against the measured current density. The slope of the linear portion of the
graph is related to the polarisation resistance (Rp) according to Equation (84).

𝑅€ =

𝛥𝐸
𝛥𝐼

(84)

Where ΔE = applied potential; ΔI = current change.
2.5.5

Capacitance measurements

Capacitance measurements were done in to get a better understanding of
semiconducting properties of chalcopyrite as well as those of the surface films at
different potentials. All the capacitance tests were done using an SP-150 potentiostat
(BioLogic Science Instruments) that was controlled by EC-Lab software (BioLogic
Science Instruments). The chalcopyrite electrode used for these tests was from Eagle
Mine (Colorado) as explained in Section 2.2.1. Before each test, the chalcopyrite
electrode was prepared as described in Section 2.3. For each solution, 100 mL of the
solution was transferred to the electrochemical cell. High purity nitrogen was
immediately bubbled through the solution. The polished chalcopyrite electrode was
introduced to the electrochemical cell and allowed to rest in the solution for 20 minutes
with no rotation. N2 was bubbled through the solution for the duration of the
experiment. There was no rotation of the electrode in the case of all the capacitance
tests done. This was so that and equilibrium condition could be reached, or at least
approached. After the 20-minute rest period of the electrode, the measurements were
begun. The capacitance was measured at 100 Hz, 316 Hz, 1 kHz, 3.16 kHz and 10 kHz
in the potential range 200 mV to 1200 mV (vs SHE). The amplitude of 10 mV (peakto-peak) was used.
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2.6 Batch reactor leaching tests
All the leaching tests were conducted in 1 L batch stirred tank reactors. The reactor
vessels were baffled and the reactor contents were stirred at 600 rpm using an overhead
stirrer. Each leaching test was conducted over 10 days. For each test, 800 mL of
solution was used and the leaching tests were all conducted at 5% solids (w/w). The
baseline solution had the composition shown in Table 14. This composition was
selected because it closely resembles recycle streams in a matured practical heap
leaching circuit in industry.
Table 14. Chemical species used to make the baseline solution.

Chemical species
Target cation
conc. (g/L)

Al2(SO4)3
10

CuSO4
0.2

FeSO4
2

Fe2(SO4)3
23

H2SO4
pH 1.2

Several additives were added to some of the tests to investigate their catalytic effect
during the leaching of chalcopyrite. However, the main additive was Ag+, which was
added as AgNO3 solution. Additional additives were also tested; either on their own
or in the presence of Ag+. The additives used in the leaching tests are shown in Table
15. The required additives were added to the baseline solution to produce the leach
solution used for each test. These additives were accurately weighed before they were
introduced to the reaction vessel. The additives combinations investigated for the leach
tests are given in Table 15.
Table 15. Additives to the baseline solution for each test at 50 ºC.

Test

Ag+

Ethylene

Surfactant

Chloride

glycol (EG)

(BASF RD

(LiCl)

203322)
1

û

û

û

û

2

ü

û

û

û

3

û

ü

û

û
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4

ü

ü

û

û

5

û

û

ü

û

6

ü

û

ü

û

7

û

û

û

ü

8

ü

û

û

ü

ü=present in solution û=not present in solution.

The target pH was 1.2 and it was adjusted by adding concentrated H2SO4 or LiOH.
The target ORP was 700 mV (SHE) and it was maintained by the addition of H2O2.
The ORP and pH adjustments were done on the sampling days after sample
withdrawal. The ORP and pH were measured using a TPS ORP/pH meter.
2.6.1

Leaching sample analysis

Initial samples were withdrawn at the beginning of the experiment. Subsequent
samples were withdrawn after 1, 2, 4, 7 and 10 days. The withdrawn samples were
filtered to collect solutions for analysis by inductively coupled plasma mass
spectrometer (ICP-MS) after appropriate dilutions. The ICP instrument used was a
Thermo Fisher Scientific iCAP Q. The solid residues were washed thoroughly with
acidified water (pH 1.2) followed by deionised water (DI). Following this, the solids
were then dried in an oven at 50 °C. The dried solids were digested in aqua regia
followed by filtration and appropriate dilution suitable for elemental analysis.
2.6.2

Shaker flask tests

Efforts were made to study the surface transformations on chalcopyrite ore leach
residues. However, due to the low chalcopyrite content in the ore, it was instead
decided to investigate the chalcopyrite surface transformation using pure chalcopyrite
in shaker flasks. A 50 g lump of pure chalcopyrite mineral was prepared for the shaker
flask experiments. The sample was crushed in a jaw crusher. The jaw crusher product
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was fed to a cone crusher for further size reduction. The cone crusher product was
screened though a 63 µm sieve and the undersize was discarded. The +63 µm fraction
was milled in a ring mill for 10 seconds. The ring mill product was wet screened to
obtain three size fractions: +53 µm, -53+38 µm and -38 µm. A 2 g sample of the -38
µm fraction was used for each shaker flask test. A second set of shaker flasks contained
the coarser material (-53+38 µm). However, for this size fraction, there was not enough
material for regular sampling. Therefore, only the final residues were characterized
after the full leaching period. For the coarsest fraction (+53 µm), there was not enough
sample.
The mineral sample was placed in a small Erlenmeyer flask and 100 mL of the solution
under test was added. The compositions of the solutions used in the shaker flasks were
the same as those used in batch reactors as described in Table 15. The flasks were
sealed with rubber bungs and introduced to a compact digital shaking water bath
(Ratek) running at 50 °C and medium speed. Each experiment ran for 10 days just like
the stirred tank reactors described in preceding paragraphs.
Solid samples were withdrawn from the -38 µm flasks on scheduled days. These
sampling days were the same as those done for the main reactors described in Section
2.6. On these days, the pH was also controlled at 1.2 using concentrated H2SO4. There
was no control of potential. The samples were withdrawn using a Pasteur pipette from
the bottom of the flask and transferred to a sample vial. The vial contents were allowed
to settle, and the supernatant was discarded. The solid sample remaining was washed
with deionized water two times before washing with absolute ethanol (analytical
reagent - VWR Chemicals). The samples withdrawn on the sampling days were
prepared for characterization by XRD and scanning electron microscope/energy
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dispersive x-ray spectroscopy (SEM/EDS). The solids from the coarser fraction (53+38 µm) were embedded in resin block for analysis by SEM.

2.7 Surface Analysis
It was important to get a better understanding of the composition of the products which
form on the chalcopyrite surface during leaching in sulfate media. To achieve this,
several surface analysis techniques were applied. The information generated from each
of these techniques was meant to complement the information obtained using other
techniques such as electrochemistry. This is because each of the surface techniques
has its own limitations. As such, supporting evidence can be generated using
alternative methods. The results of the surface analysis studies are discussed in Chapter
5.
2.7.1

Scanning electron microscope (SEM) analysis

SEM studies were done on the massive chalcopyrite electrodes after some of the
electrochemical tests. These electrodes were mounted on the SEM sample stage
without any further modifications apart from carbon coating to reduce charging effects
while the electrode is inside the SEM chamber. The solid residues from the shaker
flask experiments (-53+38 µm fraction) were also studied on the SEM. These residues
were mounted in residue blocks, which were then polished to give polished sections.
In some tests, the solid residues were deposited on SEM stubs using double-sided
carbon tape. SEM/EDS analysis was performed on two different instruments: (a) the
FEI Verios 460 field emission gun (FEG) SEM (b) JEOL JCM 6000PLUS benchtop
SEM. Just as for the massive chalcopyrite electrodes, the residue resin blocks were
coated with 10 nm carbon on an SPI-Module carbon coater before SEM analysis.
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2.7.2

Transmission electron microscope (TEM) analysis

One of the limitations of the SEM is that it cannot give the crystal structure of
materials. On the other hand, the TEM has the capability of giving such information
as the crystal structure of materials. Therefore, some of the surface products were also
studied by the TEM. TEM work was carried out on the Titan G2 80-200
TEM/Scanning Transmission Electron Microscope (STEM) equipped with a Field
Emission Gun (FEG) source. The TEM was optimised at 200 kV and was used for
both conventional TEM and STEM modes. The TEM samples used in this study were
prepared in two ways. For the first sample, a focussed ion beam sample (FIB) was
prepared. FIB sample was used because it allows the cross section of the sample to be
studied. This may allow the cross section of the surface layers to be viewed on the
TEM. The FIB sample preparation was carried out using FEI Helios Nanolab G3 CX
DualBeam FIB/SEM. The second type of TEM sample was simply the material
scratched from the electrode surface.
2.7.2.1

FIB sample preparation

To observe the cross section of the chalcopyrite surface, a focussed ion beam (FIB)
sample of the chalcopyrite electrode was prepared. Firstly, a polished chalcopyrite
electrode was immersed in a solution of 0.2 g/L H2SO4; 5 g/L Fe3+ and 100 ppm Ag+
for 24 hours at 50 °C. The electrode was then thoroughly washed and dried. When the
chalcopyrite was sufficiently dry, the FIB sample was prepared. The preparation of the
FIB sample was made difficult due to the brittle nature of chalcopyrite. This caused
the sample to flake off or break during preparation. The procedure used for the FIB
sample preparation is illustrated in Figure 22(a-d).
The chalcopyrite electrode was carbon coated to minimise charging of the electrode
once it was inside the FIB chamber. To initiate the FIB sample preparation, a platinum
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strip was deposited on the chalcopyrite surface using FEI’s MultiChem gas delivery
system (Figure 22a) which is part of the Helios FIB/SEM. The purpose of the platinum
strip is to prevent damage and spurious sputtering from the top layer of the
chalcopyrite. The other purpose of the platinum strip is to accurately outline the region
of interest (Giannuzzi and Stevie, 1999).
The dimensions of the platinum strip deposited were 10 µm x 2 µm with a thickness
of 1 µm. Deep trenches were then dug on each side of the platinum strip using a gallium
ion (Ga+) beam (Figure 22b). Each trench was 18 µm x12 µm with a depth of 10 µm.
Following this, the ion beam current was reduced, and milling was done alternately on
each side of the sample to thin it. The beam current was reduced to minimise beam
damage.

Figure 22. (a) A platinum strip measuring 10 µm x 2 µm is deposited onto the surface. (b)
Trenches are dug on each side of the platinum strip using a Ga+ beam (c) A U-section is cut on
the thinned section to prepare for lift-out (d) The thinned section is now attached to the
micromanipulator (needle) and is ready to attach to the TEM grid.

The thinning of the sample was continued until a thickness of 1 µm was attained. When
this thickness was achieved, the sample stage was tilted to allow the bottom, the right-
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hand side and part of the left-hand side to be cut using the ion beam, forming a U-cut
(Figure 22c). Once the U-cut was made, a thin needle called a micromanipulator was
lowered and directed to contact the top right corner of the platinum strip according to
Figure 22(d). When contact was established, the needle and the sample were welded
together by depositing platinum. The sample was then detached from the chalcopyrite
electrode by cutting if off using the Ga+ ion beam. With the thin section now attached
to the needle, the needle was withdrawn (Figure 22d). After successfully milling out
the chalcopyrite thin section, it was attached to the TEM sample holder. Further
milling of the sample was done so that the sample was thin enough for the TEM. TEM
samples should generally be transparent to a beam of electrons (Williams and Carter,
2009). As such, a thickness of about 100 nm for the chalcopyrite sample was targeted.
2.7.2.2

Scraped sample for TEM analysis

Not all the TEM work was done with a FIB sample. Some of the TEM samples were
prepared by quite a basic method. In this method, after appropriate electrochemical
treatment, the chalcopyrite electrode surface was lightly scraped with a new razor
blade. This was to remove the upper layers in the form of a fine powder. The collected
powder was deposited into a falcon tube. A few drops of high purity ethanol were
added using a disposable pipette to suspend the powdered surface products. The
mixture was withdrawn from the falcon tube using a disposable Pasteur pipette. The
sample-ethanol mixture was deposited onto a TEM grid such as the one sketched in
Figure 23(a).
The TEM grid was circular, with a diameter of 3 mm. It was made of copper and
consisted of a copper mesh onto which a thin carbon layer was deposited. The purpose
of the thin carbon layer was to support the sample while at the same time allowing the
TEM electron beam to pass through. The TEM grid was held in a horizontal position
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using a pair of anti-capillary tweezers. Anti-capillary tweezers were used to prevent
the escape of material from the grid due to surface tension when liquid-solid mixture
was transferred onto the grid. The ethanol was left to evaporate from the TEM grid.
Once the ethanol evaporated, only the solid sample was left behind on the TEM grid
and the sample was then ready for analysis on the TEM.
However, before TEM analysis the TEM grid was observed in the SEM as shown in
Figure 23(b) to ensure that enough sample had been deposited on the TEM grid. Most
of the white specks observed in Figure 23(b) are the sample particles. Figure 23(c)
shows that multiple TEM grids could be loaded simultaneously into the SEM for the
initial checks to see if enough sample had been loaded before using such samples for
the TEM.

Figure 23. (a) The TEM grid onto which the sample was deposited was made from copper and
was 3 mm in diameter (b) The sample is supported on the TEM grid by a thin carbon layer (the
white specks are the sample particles) (c) Multiple TEM grids could be mounted on an SEM
stage.

2.7.3

In-situ synchrotron powder diffraction

In-situ leaching studies were conducted to determine the surface transformation of
chalcopyrite as a function of time. These in-situ experiments were conducted on the
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Powder Diffraction (PD) beamline at the Australian Synchrotron. Simple acidic sulfate
solutions were used for leaching in the synchrotron in-situ experiments. The three
different solutions used in the in-situ tests are given in Table 16. The pH of the
solutions was measured using an Oakton pH meter. The starting pH of the solution
was targeted at pH 1.5 at 21 °C. All solutions were prepared using ultrapure water
prepared in a Barnstead Nanopure Diamond Water Purification system.
Table 16. Solutions prepared for synchrotron in-situ experiments.

Solution

Composition

1

pH 1.5 solution

2

15 g/L Fe3+, pH 1.5

3

1 g/L Fe3+, pH 1.5

For the silver-catalysed experiments, a 1000 ppm Ag stock solution was prepared and
the bottle containing the solution was protected by covering it in aluminium foil. In all
the experiments, the powdered chalcopyrite sample was mixed with quartz, which
served as an internal standard. The starting ratios of chalcopyrite to quartz were 8:2.
The solid chalcopyrite-quartz mixtures were then loaded into Hilgenberg capillaries
such as the one shown in Figure 24. The beam position was determined to be 36-39
mm from the funnel end. Therefore, the sample had to be positioned at 38 mm with
about 1 mm of sample on each side of this point.
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Figure 24. Schematic diagram showing the Hilgenberg capillaries used in the in-situ
experiments.

Quartz wool was placed in the capillary by first rolling a little wool gently between the
fingers before introducing the rolled wool through the funnel end of the capillary. The
wool was then pushed down the capillary using a thin wire. More wool was added as
deemed necessary so that it was positioned at 39 mm. Care was taken to ensure that
the wool did not form a compact plug which would offer excessive resistance to the
flow of solution through the sample. The purpose of the quartz wool was to support
the powdered chalcopyrite sample so that it was not washed away by the flowing
solution. A minute amount of the chalcopyrite-quartz mixture was introduced to the
capillary and tapped so that it was sitting on the quartz wool. The amount of sample
added was carefully controlled so that it covered the capillary between 36 and 39 mm.
More glass wool was added to keep the sample in place and care was taken not too put
too much or too little.
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Some of the samples did not require pre-treatment. For such cases, the capillary was
immediately ready for experiment the experiments to begin. However, for other
experiments pre-treatment was necessary. Therefore, the appropriate solution was
introduced to the capillary to contact the sample 30 minutes before the actual start of
the experiment. To start each experiment, the capillary containing the sample was
connected to the flow cell assembly. The flow cell assembly is illustrated in Figure 25.

Figure 25. A schematic diagram showing how the flowcell was mounted to the beamline.

The flow cell was then connected to rubber tubing, though which the leach solution
flowed from the reservoir tank. The solution was pumped using a peristaltic pump
(Thermo Scientific FH100M series pump). The solution in the reservoir was kept at
the desired temperature using a hotplate. A temperature probe inserted in the solution
reservoir allowed feedback control of the temperature by forming a closed loop
between the solution and a temperature control mechanism which turned the hotplate
on or off depending on the temperature. Another temperature probe was connected to
a digital thermometer (TENMA 72-7715 Thermometer). This thermometer allowed
the temperature in the reservoir to be read off through the viewing window of the
experiment hutch. This made it possible to take control measures if necessary.
Following a thorough check for leaks, beam alignment was done and subsequently the
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experiments were begun. The flow cell was oscillated about a 30° angle, allowing the
x-ray beam to interact with the sample over a wide angle.
2.7.4

X-ray photoelectron spectroscopy (XPS)

The phase changes which occur on the chalcopyrite surface during leaching were also
studied by x-ray photoelectron spectroscopy (XPS). In this study, a Kratos AXIS Ultra
DLD XPS spectrometer was used. This instrument can handle both insulating and
conducting samples, with sample dimensions being typically less than 40x15x2 mm.
As chalcopyrite is a semi-conductor, it was therefore suitable to study it without much
difficulty. In addition, for this instrument, samples could be in solid or powder form.
However, only solid samples were used for XPS in this study. The XPS instrument
used monochromated Al Kα radiation (photon energy 1486.7 eV) at a power of 225 W.
For high resolution core level spectra, a pass energy of 40 eV was used. The acquisition
time was 121-180 seconds with a dwell time of 100 milliseconds.
2.7.4.1

XPS sample preparation

The mineral sample used for the XPS study is the massive chalcopyrite sample from
Mt Lyell (see Section 2.2.1). The samples for XPS were cut from a rotating disk
chalcopyrite electrode using a diamond saw at low power to generate thin sections.
This means that each slice had two flat surfaces exposed. One of these surfaces was
then covered with Araldite® epoxy adhesive so that only one surface was exposed for
reaction. The Araldite® adhesive was then used to attach a glass rod as demonstrated
in Figure 26. The assembly was left to dry over 24 hours, allowing the Araldite® to
set.
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Figure 26. A slice of the chalcopyrite electrode was attached to a glass rod by using an adhesive
(Araldite®).

The reaction setup consisted of the reaction vessel, which was a flanged glass reactor
with a flanged glass lid with 3 ports at the top. The central port on the lid was used for
the glass rod was attached to the mineral sample. Another port was used for a
thermocouple, which was used to control the hotplate heating the reactor contents
while the third port was sealed off. The experimental setup is as shown in Figure 27.

Figure 27. Arrangement of equipment for the treatment of the chalcopyrite sample before
analysis by XPS.

Prior to exposing the mineral to the leach solution, the exposed surface was prepared
by grinding on P1200 silicon carbide paper followed by P2400 paper. The final
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polishing was done with 0.3 µm alumina paste on a soft polishing cloth followed by
cleaning in an ultrasonic bath to remove particles from the surface. Thereafter, it was
washed thoroughly in deionised water. The cleaned sample was then introduced to the
leach solution already at heated to 65 °C. The solutions used were prepared using DI
water and 800 mL of reaction solution was measured into the reaction vessel in each
case.
The temperature inside the reaction vessel was kept constant at 65 °C using a hotplate
which was controlled by a thermocouple immersed in the solution throughout the
duration of the experiment. The reactor solution was agitated using a magnetic stirrer
which was kept at a medium speed for the duration of the experiment. The height of
the sample was carefully controlled so that the exposed mineral surface was as close
as possible to the magnetic stirrer, without making contact. The glass rod attached to
the chalcopyrite sample was held in place by a clamp as shown in Figure 27.
The sample was reacted with the solution for 24 hours. After 24 hours, the hotplate
was switched off and the apparatus was taken apart. The sample was taken out by
pulling out the glass rod. By this time, the Araldite holding the sample to the glass rod
would have become soft due to the heat. As a result, it was flexible enough to be
detached form the mineral carefully by using a pair of tweezers, leaving the thin slice
of chalcopyrite. The chalcopyrite was held by the tweezers and given a thorough wash
in DI water. The cleaned sample was dried and stored in an evacuated desiccator.
Two different leach solutions were used to react with chalcopyrite slices. The
conditions used for the tests are given in Table 17. There was Ag+ present in Test 1
and there were no Ag+ in Test 2.
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Table 17. The experimental conditions used to prepare samples for XPS analysis.

Test

H2SO4 (M)

Fe3+ (g/L)

Ag+ (mM)

Temp. (°C)

1
2
3

0.1
0.1
No treatment

5
5
No treatment

10
No treatment

65
65
No treatment

A third sample (Test 3) was just a thin chalcopyrite slice that was just polished as
described before, cleaned and stored in the evacuated desiccator. This sample was not
treated in any solution, so it was a fresh sample surface for the purposes of comparing
it to the other samples that had been treated in the leach solutions.
2.7.5

Optical microscopy

Reflected light microscopy was also used to study some surfaces of the chalcopyrite
before and after chemical treatment to detect any changes that had taken place. The
microscope used was a Nikon Epiphot 200 Inverted Metallurgical Microscope. The
microscope was equipped with a Pixera Penguin 600 CL digital camera. The
microscope was connected to a computer and allowed the captured images to be saved
directly onto a computer.

2.8 Preparation of silver particles
Silver nanoparticles were synthesised following a method like that of Sun and Xia
(2002) with some minor variations to the procedure. The nanoparticles were prepared
based on the procedure detailed below. The experiment was set up as shown in Figure
28. The reagents used for the synthesis of the nanoparticles are given in Table 13.
•

5 mL of ethylene glycol was heated at 90 °C for 1 hour. Sun and Xia (2002)
heated their system to 160 ºC. For safety reasons, it was decided not to conduct
the test at 160 ºC.

•

AgNO3 was dissolved in ethylene glycol (EG) to make a 0.25 M solution.
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•

Polyvinyl pyrrolidone (PVP) was also dissolved in EG to make a 0.375 M
solution.

•

10 mL of each resulting solution were drawn into a syringe.

•

The two solutions were injected simultaneously to the reaction vessel
containing the hot 5mL EG. Sun and Xia (2002) used a single two-channel
syringe instead of two separate ones.

•

The whole mixture reacted at 90 °C for 1 hour.

Figure 28. Experimental setup that was used in the synthesis of the AgNPs.

•

After 1 hour, the reaction vessel was cooled down at room temperature.

•

The mixture was washed with high purity ethanol.

•

The silver nanoparticles (AgNPs) were recovered by centrifuging the mixture
at 4600 rpm for 20 minutes.
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•

The supernatant was decanted and the nanoparticles were again washed in
ethanol before the mixture was centrifuged at 4600 rpm for 15 minutes.

•

To confirm that the Ag0 had formed, XRD analysis was performed. XRD
analysis was carried out to confirm the crystalline nature of the Ag particles.

•

Samples of the Ag particles were also studied on the SEM.

2.9 Summary
This chapter described the materials and methods which were used in the study. As
highlighted in this chapter, numerous experimental techniques were applied in this
study for the study of chalcopyrite. Given the challenging nature of the project, a multipronged approach was needed to generate data that could be used to support the
information generated using other techniques. The chapter has described the samples
which were used in this study. The massive chalcopyrite samples were characterised
by XRD. The ore sample used in the leaching tests was also described. The chemical
used to make up the solutions which were used to study the chalcopyrite samples were
also listed. The second section of the chapter described how the samples were prepared
before each test.
Several electrochemical techniques were applied in this study. The chapter described
the electrochemical equipment used. The electrochemical techniques applied were also
described. These included open circuit potential, cyclic voltammetry, anodic
polarisation and capacitance measurements. The compositions of the solutions used in
the electrochemical studies were also described. The purpose of the electrochemical
techniques was to establish the conditions which would be used in the study of
chalcopyrite behaviour.
The leaching behaviour of chalcopyrite will be investigated. The materials and
methods used in these leaching tests to investigate the leaching behaviour of
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chalcopyrite were described. The study of chalcopyrite leaching behaviour would be
incomplete without studying the chalcopyrite surface transformations. The
chalcopyrite surface transformations were investigated by several surface analysis
techniques. This included SEM, TEM, synchrotron studies, XPS and optical
microscopy.
The results generated by applying the materials and methods described in this chapter
will be presented in subsequent chapters.
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Chapter 3. The electrochemistry of
chalcopyrite
The objectives of this chapter are:
•

To investigate the effect of temperature and rotation speed on the behaviour of
chalcopyrite in various sulfate solutions.

•

To confirm the reactivation of a chalcopyrite surface by the introduction of Ag
to the leach solution.

•

To use cyclic voltammetry to investigate the intermediate processes during the
leaching of chalcopyrite.

•

To use electrochemistry to investigate the behaviour of chalcopyrite under
oxidising conditions.

•

To investigate the semiconductor properties of chalcopyrite.

173

3.1 Open circuit potential (OCP) of chalcopyrite
3.1.1

Introduction

The electrode potential of a sulfide mineral has been described as an indeterminate
value that lies within a lower and upper limit and it is linked to the limits of
compositions as determined by phase diagrams (Peters, 1977). It has been established
from the literature that most of the chalcopyrite OCP values in sulfate solutions lie in
the region between 550 mV and about 600 mV under the varied conditions of pH and
temperature that were used in different studies as shown in Section 1.6.2.
In the present study, the OCP of chalcopyrite massive electrodes was measured at
different conditions. This was done to determine the fundamental leaching behaviour
of chalcopyrite at different conditions. The results of these potential measurements are
reported in the subsequent sections of this chapter. Different surface products are
formed at different conditions during the measurement of the OCP. Some of the
surface products are discussed in Chapter 5.
3.1.2

The OCP of chalcopyrite in sulfate solutions

A 0.1 M H2SO4 solution was prepared and used as the electrolyte in the OCP
measurement. The electrode was prepared and the tests conducted as described in
Section 2.5.1 (Materials and Methods). Parameters such as temperature and electrode
rotation speed were varied to study their influence on the OCP of chalcopyrite. The
chalcopyrite OCP measurements were made over 24 hour periods to monitor the longterm behaviour of chalcopyrite. All potentials are reported against the standard
hydrogen electrode (SHE).
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3.1.3

The effect of rotation speed on chalcopyrite OCP in 0.1 M H2SO4 at 25 °C

The first parameter tested was the effect of rotation speed on the chalcopyrite OCP in
0.1 M H2SO4 solution at 25 °C. The rotation speeds tested were 300 rpm, 600 rpm,
900 rpm and 1200 rpm. The measured OCPs at different rotation speeds at 25 °C in 0.1
M H2SO4 solution are as shown in Figure 29. The figure shows that there is no
significant relationship between the rotation speed and the OCP. For instance, at
1200 rpm the highest OCP is obtained, followed by the OCP at 900 rpm. However, as
the rotation goes lower than 900 rpm, there does not appear to be a relationship
between the rotation speed and the OCP. A higher OCP is observed at 300 rpm than at
600 rpm. This observation is a bit odd because a higher OCP would have been
expected at 600 rpm than at 300 rpm if there was a direct relationship between the
rotation speed and the potential. This result is in good agreement with Lazaro (2001)
who also did not find a significant relationship between the rotation speed of the
electrode and the electrode potential.
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Figure 29. Open circuit potential measurements of chalcopyrite in 0.1 M H2SO4 at 25 °C.
Variable conditions were the following electrode rotation speeds; 300 rpm, 600 rpm, 900 rpm
and 1200 rpm.

It can be observed in Figure 29 that the OCP in each case starts off at a given value
before a rapid rise in the first hour. After this first hour, each of the OCP curves remains
relatively flat and there is no significant change for the remaining 23-hour period of
measurement. For 300 rpm, a small increase in OCP is observed after about 10 hours.
Thereafter, there is no significant change in the OCP. At 1200 rpm, there is an observed
increase in the OCP as well after about 20 hours. At all rotation speeds, the values of
the OCP obtained in the acid solution at 25 °C (Figure 29) lies between 410 mV and
512 mV. These values are in good agreement with those obtained in previous studies
in the presence of acid only (Munoz et al., 1998; Ghahremaninezhad et al., 2010; Nava
et al., 2008). These values also agree with the literature values as indicated in Table
11.
3.1.3.1

Discussion

The relatively steady values of OCP shown in Figure 29 over the test period are
indicative of relatively steady dissolution current densities. At the OCP, the current
density corresponds to the corrosion current density, icorr (Li et al., 1992). In addition,
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the corrosion current density is proportional to the dissolution rate (Nicol and Lazaro,
2002). The near-steady OCP values and hence, dissolution current densities observed
in Figure 29 indicate that there is no significant change in the reaction rate at the
mineral surface during this period. It has been suggested that an increase in OCP
results in an increase current density (Ghahremaninezhad et al., 2015). Therefore, a
lack of change in OCP in this case would mean that there is no associated increase in
current density and hence no increase in leaching rate. This also suggests that the
chalcopyrite in acid solution passivates within the first hour and increasing duration of
leaching in acid does not eliminate the passive layer. This means that the passivating
layer that forms on the chalcopyrite surface does not change its chemical composition
and structure once it forms. It has been observed in Figure 29 that there is no
dependence of OCP on rotation speed. The rotation speed was previously found to
have no significant effect on the mixed potential of chalcopyrite (Nicol and Lazaro,
2002).
3.1.4

The effect of rotation speed on chalcopyrite OCP in 0.1 M H2SO4 at 45 °C

The OCP of a polished chalcopyrite electrode surface in 0.1 M H2SO4 solution was
also measured at 45 °C with variations in the rotation speed of the electrode. The
results are shown in Figure 30.

177

Figure 30. Open circuit potential measurements at 45 °C. Conditions: 0.1 M H2SO4 solution,
300 rpm, 600 rpm, 900 rpm and 1200 rpm.

Figure 30 suggests that at 45 °C, the OCP lies between 480 mV and 565 mV for the
tested rotation speeds. In the initial 2 hours, the OCP increases rapidly for 600 rpm,
900 rpm and 1200 rpm. However, no such increase was observed for 300 rpm.
Therefore, at 45 °C the increase in OCP at high rotation speeds (i.e. 600 rpm to 1200
rpm) suggests that there is an increasing rate of anodic reactions at moderate to high
speeds of rotation. A low rotation speed (300 rpm) does not give this effect. In fact,
there is no apparent variation in the OCP at 300 rpm for the duration of the test, an
indication that there is no significant change in the surface reactions. At 900 rpm there
is initially an increase in OCP in the first 2 hours of the test. Following the initial
increase in OCP (and hence an increase in dissolution current density), there is also no
apparent variation in the OCP thereafter as the curve has flattened out. The
chalcopyrite therefore appears to behave in the same manner for 300 rpm and 900 rpm
after the first few hours of the experiments. The lines for 300 rpm and 900 rpm are
practically parallel, a possible indication of a similar kind of reaction mechanism. For
example, the OCP at 900 rpm shows an initial upward trend from 480 mV at the
beginning of the experiment to 530 mV where it plateaus within the first two hours.
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The OCP then remains stable at about 530 mV for the duration of the experiment. On
the other hand, the OCP at 300 rpm remains quite constant at about 520 mV for the
duration of the experiment.
At 600 rpm, the OCP starts off at a high value of about 550 mV. The OCP increases
slightly in the initial couple of hours before a rapid decrease is observed for the
remainder of the experiment. After about 16 hours, the OCP stabilises. At 1200 rpm,
the OCP started off at around 540 mV and increased to about 565 mV in the first 2
hours. It remained almost constant at this value for the remainder of the test, recording
only a marginal decrease. There does not appear to be a relationship in the first 12
hours of the experiment. However, after 12 hours it appears that the OCP is related to
the rotation speed. This may suggest that at 45 °C after 12 hours, the diffusion may
have a great influence on the leaching process because the higher the speed of rotation,
the higher the OCP.
3.1.4.1

Discussion

Figure 30 shows that in the first 8 to 10 hours, there does not appear to be a correlation
between rotation speed and the OCP. However, after this time there appears to be a
relationship between the rotation speed and the OCP. The higher the rotation speed,
the higher the OCP. The dependence of the OCP on the rotation speed suggests that
the mineral dissolution process becomes diffusion controlled after 8-10 hours. Figure
30 also indicates that chalcopyrite is highly active in the early stages at 600 rpm, 900
rpm and 1200 rpm as evidenced by the initial rate of increase in the OCP. A decline in
the OCP is observed before achieving steady state for the duration of the experiment.
At this point, the dissolution rate becomes constant, possibly due to the thickening of
the passivating layer.
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Towards the end of the 24 hours, the four curves appear to converge at values between
500 and 550 mV. This suggests that towards the end of the experiments, the surface
composition is almost the same. There is no great difference in the magnitude of the
initial and final OCP values. It is therefore likely that the final composition of the
surface is not too different from the initial fresh chalcopyrite surface. It is also quite
evident from Figure 30 that the potentials at 45 °C are greater compared to the
potentials at 25 °C (Figure 29). This means that there is a dependence of OCP on the
temperature.
3.1.5

The effect of rotation speed on chalcopyrite OCP in 0.1 M H2SO4 at 65 °C

Figure 31 shows the trends in the OCP values for the chalcopyrite electrode in 0.1 M
H2SO4 at 65 °C for different rotation speeds. There is no great variation in the OCP
values. For 300 rpm, 600 rpm and 900 rpm, the OCP remains constant at around
500 mV. The only non-conforming behaviour is observed for 1200 rpm. For
1200 rpm, there is initially a high OCP of about 520 mV within the first hour.
However, the OCP starts declining quite rapidly after the first hour. The trend
continues up to about 20 hours after which the OCP begins to flatten out. At 13 hours,
a 1200 rpm rotation gives the lowest OCP compared to the lower rotation speeds.
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Figure 31. Open circuit potential measurements at 65 °C. Conditions: 0.1 M H2SO4, 300 rpm,
600 rpm, 900 rpm and 1200 rpm.

On the other hand, consistent behaviour of the chalcopyrite is observed for the rotation
speeds of 300 rpm, 600 rpm and 900 rpm. Figure 31 suggests that in the initial stages
at 1200 rpm, there is a high dissolution rate. However, at prolonged periods of time
the OCP (and hence the dissolution rate) drops rapidly at 1200 rpm. This may indicate
that the electrode undergoes more severe passivation at this high rotation speed.
3.1.5.1

Discussion

In Figure 31, there is no great difference in the OCP trends observed. In all these cases,
the OCP is rises quite rapidly in the early stages. In the first hour, the OCP then
plateaus and remains so for the duration of the tests. However, it is observed that at
these rotation speeds, the lower the rotation speed, the higher is the OCP. This is
especially true for 1200 rpm after 13 hours. It can be said therefore, that at 65 °C, a
lower rotation speed may be more preferred than a high rotation speed. Although the
difference in OCPs is very marginal, it is important to note that higher values are
obtained at lower rotation speeds. More pronounced effects of this observation will be
discussed in Section 3.1.8.1.
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3.1.6

Chalcopyrite OCP variation with temperature at different rotation speeds in
0.1 M H2SO4

Figure 32 illustrates the variation of OCP of a chalcopyrite electrode with temperature
in 0.1 M H2SO4 at different rotation speeds. At all rotation speeds, the highest OCP
was obtained at 45 °C. At 300 rpm and 600 rpm, the highest OCP was at 45 °C was
followed by 65 °C and 25 °C respectively. Increasing the rotation speed to 900 rpm
showed that the highest OCP was obtained at 45 °C. However, the OCP at 25 °C and
65 °C were not very different. At 1200 rpm, the OCP at 65 °C dropped quite drastically
such that by the end of the experiment, it was even lower than the OCP at 25 °C.

Figure 32. The variation of OCP with temperature at different rotation speeds.

The data illustrated in Figure 32 reveals that in all cases the OCP at 45 °C is always
greater that the OCP at 25 °C and 65 °C at all rotation speeds. However, at 65 °C, there
appears to be a gradual drop in the OCP with an increase in rotation speed. In fact, at
900 rpm and 1200 rpm, the OCP at 65 °C becomes even lower than the OCP at 25 °C.
Given the observations made, subsequent OCP measurements are going to focus on
the temperature of 65 °C to get a better understanding of why the chalcopyrite behaves
in the manner displayed at 65 °C. This appears to suggest that more severe passivation
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happens when the temperature reaches 65 °C compared to 45 °C. This becomes even
more pronounced at higher rotation speeds.
3.1.7

The OCP of chalcopyrite in 0.1 M H2SO4 and 1 g/L Fe3+

Sections 3.1.3 to 3.1.6 have presented the behaviour of a chalcopyrite electrode in
0.1 M H2SO4 solutions. Chalcopyrite leaching is commonly carried out in the presence
of an oxidising agent such as Fe3+ ions. Therefore, is it also important to study the
behaviour of the chalcopyrite electrode surface in the presence of Fe3+. Fe3+ ions have
been found to be one of the most powerful oxidising agent which is readily available
that can be used in chalcopyrite leaching. The OCP behaviour of chalcopyrite in 0.1 M
H2SO4 and 1 g/L Fe3+ added as Fe2(SO4)3 at 65 °C was investigated. The OCP results
are shown in Figure 33.

Figure 33. Open circuit potential measurements of chalcopyrite at 65 °C at different rotation
speeds. Solution composition: 0.1 M H2SO4, 1 g/L Fe3+ added as Fe2(SO4)3.

Figure 33 shows that the mere presence of Fe3+ ions, even at a concentration as low as
1 g/L results in increased OCP, compared to when Fe3+ was absent, as highlighted in
Sections 3.1.3 to 3.1.6. In Figure 33, at all rotation speeds, the potential in the initial
stages is greater than 600 mV. The high OCPs obtained in the presence of Fe3+ are in
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good agreement with the values previously presented in the literature (Majuste et al.,
2012; Viramontes-Gamboa, 2006; Eghbalnia and Dixon, 2011). This is considerably
higher than the OCPs that were obtained at the same temperature but in the absence of
the Fe3+ at the same temperature as shown in Figure 31. At all rotation speeds tested,
the OCP declines with time. However, despite the decline in the OCPs, the final OCPs
in the presence of Fe3+ are still greater than 530 mV. No systematic variation of OCP
appears to exist with a variation of the rotation speed. The observed effect of Fe3+ has
been to increase the OCP of chalcopyrite, which in turn translates to an increased
dissolution current density. This is due to the increased anodic reactions which
includes the dissolution of chalcopyrite due to the action of the Fe3+ ions as represented
by in equation (85)
#$
=
#$
CuFeS#(9) + 4Fe,$
(;<) → Cu(;<) + 2S(9) + 5Fe(;<)

(85)

However, the decline in the OCP at all rotation speeds points to a decline in this
reaction which may be a result of reduced surface activity, possibly due to passivation
of the chalcopyrite surface as commonly believed. A greater rate of decline in OCP is
observed in the presence of ferric ions than in acid only. This is due to the initially
high rate of chalcopyrite oxidation in the presence of Fe3+, which possibly results in
thick reaction products. The build-up of such passive layer takes place rapidly,
resulting in a rapid fall in oxidation rates, which is in turn observed by the drop in
OCP. The fall in the OCP may also be due to the generation of Fe2+ ions at the surface
due to the reduction of the Fe3+ as shown by Equation (85).
3.1.7.1

Discussion

Figure 33 shows that the OCP values are increased greatly by the introduction of Fe3+
ions to the solution compared to the OCP values in the absence of Fe3+ ions (Figure 29
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to Figure 31). Increases in the mixed potentials due to the addition of Fe3+ ions have
also been observed by previous researchers (Hirato et al., 1987; You et al., 2007). This
has been explained to be a result of the Fe3+/Fe2+ couple becoming more dominant in
determining the anodic current (Nicol and Lazaro, 2002). The oxidation of Fe2+ to Fe3+
becomes more important than the oxidation of the mineral. According to the mixed
potential theory, ‘noble’ metal sulphides like chalcopyrite reveal the type (III) situation
of the theory (Nicol, 1993). The type (III) mixed potential is characterised by a mixed
potential (EM) that largely falls close to the equilibrium potential (Eh) of the Fe3+/Fe2+
couple if Fe2+ concentration is insignificant (Nicol and Lazaro, 2002), as in the current
case.
3.1.8

The OCP of chalcopyrite in 0.1 M H2SO4 and 5 g/L Fe3+

The concentration of Fe3+ ions was increased from 1 g/L that was used in Section 3.1.7
to 5 g/L. The effect of increased Fe3+ ion concentration on the OCP of the chalcopyrite
electrode was also investigated. The results are given in Figure 34. A very interesting
observation can be made in Figure 34. It is observed that at rotation speeds of 600 rpm,
900 rpm and 1200 rpm, there was a similar trend. In each of these situations, the OCP
radically declines during the first 2 hours before stabilising at an unusually low value
of around 300 mV. On the other hand, however, at 300 rpm the OCP rises with time
from just under 400 mV to just under 600 mV.
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Figure 34. Open circuit potential measurements of chalcopyrite at 65 °C at different rotation
speeds. Solution composition: 0.1 M H2SO4 and 5 g/L Fe3+ added as Fe2(SO4)3.

The behaviour observed in Figure 34 suggests that at 600 rpm, 900 rpm and 1200 rpm,
there is a reduced rate of anodic reactions at the electrode surface compared 300 rpm.
A possible reason for this observation is that there is much more rapid formation of
the passivating phase on the chalcopyrite surface at high rotation speeds than at low
rotation speed. The high rotation speeds possibly bring more Fe3+ to the surface faster
than 300 rpm. The constant supply of Fe3+ allows a more rapid reaction with the
chalcopyrite surface. It is also possible that given the same value of OCP at 600 rpm,
900 rpm and 1200 rpm, the composition of the passivating layer is the same under
these conditions. Following these observations, subsequent tests will be carried out
with a rotation speed of 300 rpm.
3.1.8.1

Discussion

Figure 34 has revealed the behaviour exhibited by the chalcopyrite electrode in the
presence of 5 g/L Fe3+. The results shown for high rotation speeds are more
pronounced than observed in Section 3.1.5.1. Previous researchers have reported that
an increase in the Fe3+ concentration is expected to result in more positive potentials
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(Holmes and Crundwell, 1995; You et al., 2007, Majuste et al., 2012). However,
Figure 34 suggests that at high rotation speeds, this is not the case. It is possible that
the increased Fe3+ results in more rapid formation of the passivating surface layer. This
is due to increased surface dissolution due to more oxidising agent on the surface. It
has been suggested that passivation can occur by having an external sink of electrons
in the system which forces a sufficiently positive potential, or because of a large
enough concentration of an oxidising agent capable of accepting an amount of
electrons equivalent to iu{vYvu;p produced by the anodic reaction at the Epp and this shifts
the mixed potential to the region where passivation becomes favourable (Nikoloski,
2003). This seems to be a good explanation of the observations made in Figure 34.
Therefore, Figure 34 indicates that there is possibly more severe passivation of
chalcopyrite at high rotation speeds than at a lower rotation speed. High rotation speeds
most likely ensure that there is always a high concentration of Fe3+ ions close to the
surface due to more effective mixing. On the other hand, the chalcopyrite seems to
exhibit continued activity at 300 rpm, without loss of activity. This behaviour shown
by chalcopyrite permitted a decision to be made on the speed of rotation to be used
from this point onwards. It was decided that a rotation speed of 300 rpm was going to
be used in subsequent tests.
3.1.9

The effect of delayed Ag+ addition on chalcopyrite OCP

One of the major objectives of this study was to study the catalytic effect of Ag+ ions
and to assess the mechanism of Ag catalysis. The following tests aimed to investigate
the effect of delayed Ag+ addition to the solution on the chalcopyrite OCP. A
chalcopyrite electrode was immersed in a solution containing 0.1 M H2SO4 and 5 g/L
Fe3+ at 65 °C with a rotation speed of 300 rpm. At the end of 1 hour, an Ag+ solution
was injected to the solution in the electrochemical cell. The test was repeated with
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several Ag+ concentrations to give different Ag concentrations. The observed results
are as shown in Figure 35.

Figure 35. Variation of OCP with added Ag+ concentration. Ag+ was added after 1 hour. The
nominal Ag+ concentration is given in the legend. Conditions: solution composition = 0.1 M
H2SO4 and 5 g/L Fe3+, temperature = 65 °C, electrode rotation speed = 300 rpm.

Figure 35 shows that apart from the Ag+ concentration of 5 ppm, addition of Ag+
resulted in an immediate spike in the surface potential. Before addition of the Ag+ ions,
the OCP of the chalcopyrite was lying between 600 mV and 620 mV. After addition
of Ag+, the OCP values increased to different values depending on the Ag+
concentration that was added. In each case, after the initial jump, there was a
subsequent decline in the OCP. Following the initial decline, the OCP reached steady
state in each case. The new steady state value in the presence of Ag+ was higher than
the OCP before the addition of Ag+ in all cases.
3.1.9.1

Discussion

Figure 35 has revealed that a chalcopyrite surface previously in contact with a leach
solution can be reactivated by the introduction of Ag+ ions. The figure also suggests
that the extent to which the surface can be reactivated depends on the concentration of
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the added Ag+ ions. This observation disagrees with other views that addition of Ag+
after the chalcopyrite surface is passivated does not have a positive effect (Lai, 2003).
Lai (2003) reported that adding Ag after the ferric sulfate is not desirable because the
Fe3+ would attack the chalcopyrite first, resulting in a passivating layer. It is also
documented that allowing chalcopyrite to react with ferric sulfate before the addition
of silver allows the formation of an elemental sulfur layer which inhibits further
reaction (Miller and Portillo, 1979). In the present study, however, the addition of Ag+
after allowing the chalcopyrite to react with the ferric sulfate solution has in fact been
found to give a positive effect on the OCP of the chalcopyrite as shown in Figure 35.
For this reason, it is proposed that benefits of Ag+ can be obtained regardless of
whether Ag+ is added to the solution before or after the chalcopyrite.
3.1.10 Conclusions

The OCP results obtained in the study are within the region of OCPs obtained by other
researchers as shown in literature (Table 11). The most significant conclusion drawn
from these studies is that in the presence of ferric ions as oxidising agent, high rotation
speeds are not necessary to achieve high OCPs (and hence higher oxidation rates).
High OCPs can still be obtained even at lower rotation speeds. The lack of dependence
of OCP on rotation speed, and hence agitation suggests that the oxidation in the
presence of ferric ions is not diffusion controlled. If it were diffusion controlled, there
would have been a corresponding increase in OCP with an increase in the rotation
speed. The results indicate that there is a transition point for the rotation speed at
which, as the rotation speed is increased, the chalcopyrite changes from an active state
to a passive state.
The unusual behaviour shown by the chalcopyrite at 65 °C in the presence of Fe3+
motivates more investigations to be carried out at 65 °C. Consistently high OCPs are
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obtained for experiments which were conducted at 45 °C compared to the experiments
which were conducted at 25 °C and at 65 °C, for chalcopyrite experiments conducted
in the presence of sulfuric acid only without the addition of an oxidising agent. The
OCP experiments have also enabled the determination of the potential range that is
important during the leaching of chalcopyrite. This potential region of interest has been
identified to be between 300 mV and 750 mV, as it was in this potential range that the
OCP of chalcopyrite was found to lie under the tested conditions.
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3.2 Cyclic voltammetry of chalcopyrite
3.2.1

Introduction

If a potential is imposed on a chalcopyrite working electrode (either a constant or
variable potential), there are electronic interchanges that take place across the
interface. These interchanges characterise the electrochemical activity of the
chalcopyrite surface (Ammou-Chokrum et al., 1979). It has been asserted that at each
value of potential, different reduction-oxidation (redox) processes take place (Nava
and Gonzalez, 2006). Cyclic voltammetry can detect intermediate redox reactions at
certain potentials (Liang et al., 2011). Therefore, to investigate the transformations
which take place on the surface of a chalcopyrite electrode during leaching, several
cyclic voltammetry tests were conducted under various conditions. The results from
these experiments will be discussed in the following sections.
3.2.2

Cyclic voltammetry of chalcopyrite in 0.2 M H2SO4

Figure 36 shows the first two scan for the cyclic voltammogram obtained when a
chalcopyrite electrode was scanned in a 0.2 M H2SO4 solution at 50 °C at a scan rate
of 50 mV/s. The scanning was initiated at the OCP in the anodic direction to a potential
limit of +500 mV (vs OCP). The scan direction was then reversed and scanning
continued up to the cathodic limit of -500 mV (vs OCP). During the first scan, an
oxidation peak A1 is observed at a potential of around 915 mV. However, this peak is
no longer present during the second scan. The absence of the oxidation peak in the
second scan indicates that there is a surface phase which is present during the first scan
but is no longer present in the second scan.
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Figure 36. The cyclic voltammogram of a chalcopyrite electrode in 0.2 M H2SO4 at 50 °C. The
figure shows the initial two scan that were initiated at OCP to a limit of +500 mV (vs OCP)
before reversing the potential to a potential of -500 (vs OCP). Scan rate = 50 mV/s.

It is also observed during the first scan that there are two cathodic scans (C1 and C2),
which occur at potentials of around 500 mV and 200 mV respectively. Interestingly,
although peak C1 is subtle, it is observed only in the first scan but is not present in the
second scan. This may be because it represents the reduction of certain oxidation
products produced at A1. This may be the reduction of the intermediate sulfides that
were formed when the initial chalcopyrite dissolution took place. Peak C2 is present
in both the first and second scans. It then follows that this is due to the reduction
species present on the surface during both scans such as Fe3+ or Cu2+. A small
oxidation peak is observed at A2. This most likely represents the oxidation of reduction
products formed at C2.
3.2.2.1

Discussion

Peak A1, which only appears in the initial scan but is absent in the second scan could
be

interpreted

to

be

related

to

the

initial

dissolution

of

chalcopyrite

(Ghahremaninezhad et al., 2013). Many researchers believe that the initial dissolution
of chalcopyrite results in surface passivation. In the present study, a non-stoichiometric
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sulfide which is believed to be digenite was detected during synchrotron powder
diffraction tests as shown in Section 5.6.3. A peak such as A1 which represents the
initial chalcopyrite oxidation has been termed as the prewave (Biegler and Swift, 1979;
Biegler and Horne, 1985). During this initial oxidation of chalcopyrite, there is
selective removal of Fe, with the formation of a non-stoichiometric sulfide (Hiskey
and Wadsworth, 1981; Warren et al., 1982; Arce and Gonzalez, 2002). It has been
proposed that it is during this initial dissolution of chalcopyrite that the passivating
film on the chalcopyrite surface is formed (Biegler and Horne, 1985; Liang et al.,
2011). Other studies have described the formation of the surface phase indicated by
peak A1 as the dissolution of a covellite phase (CuS) (Zeng, 2013). However, the
formation of covellite during chalcopyrite oxidation has been disputed (Arce and
Gonzalez, 2002). This initial dissolution, which gives a covellite-like phase or metaldepleted sulfide Cu3(M Fe3(N S#(R has been represented as shown in Equation (86)
(Mikhlin et al., 2004).
CuFeS# → xCu#$ + yFe#$ + Cu3(M Fe3(N S#(R + zS 1 + 2(x + y)e(

(86)

It has also been proposed that the selective dissolution of Fe results in the formation
of a copper sulfide according to Yin et al. (1985) as shown in Equation (87)
CuFeS# → CuS# + Fe#$ + 2e(

(87)

It is possible that an intermediate layer was formed in the present study during the
resting period that was given to the electrode before the scanning was begun. This
intermediate phase was then oxidised at peak A1. As the potential is increased
anodically beyond A1, Figure 36 appears to suggest that there is an onset of active
chalcopyrite dissolution in the transpassive region which occurs at higher anodic
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potentials (Lopez-Juarez et al., 2006). This active dissolution is believed to occur
according to the equations (88) and (89) .
CuFeS# → Cu#$ + Fe,$ + S 1 +5e(

(88)

$
(
CuFeS# + 8H# O → Cu#$ + Fe,$ + 2SO#(
6 + 16H + 17e

(89)

Peak C2 in Figure 36 might be representing the reduction of products formed during
the oxidation processes and the remaining chalcopyrite (Liang et al., 2011). It has been
suggested that the species being reduced are Fe3+ and Cu2+ (Holliday and Richmond
1990; Lopez-Juarez et al., 2006). Some of the reduction processes taking place could
be represented by the following equations (Equations (90), (91) and (92)) (Liang et al.,
2011);
2CuS + 2H $ + 2e( → Cu# S + H# S

(90)

CuFeS# + Cu#$ + 4e( → Cu_ FeS6 + Fe#$

(91)

CuFeS# + Cu#$ + 4e( → 2Cu# S + Fe#$

(92)

These equations suggest the formation of chalcocite and bornite. However, the
formation of bornite as an intermediate product during the reduction of chalcopyrite
has been disputed (Arce and Gonzalez, 2002). Instead it was argued that the reduction
of chalcopyrite forms chalcocite directly (Arce and Gonzalez, 2002).
3.2.3

Cyclic voltammetry of chalcopyrite in acid and Fe3+

Figure 37 shows the cyclic voltammogram which was obtained when a chalcopyrite
electrode was scanned in a 0.2 M H2SO4 acid solution containing 5 g/L Fe3+ at 50 °C.
What is immediately clear when Figure 36 and Figure 37 are compared is that the
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current densities have tremendously increased in the presence of Fe3+. As noted before,
the oxidation peak A1 is again observed only in the first scan but not in the second
scan (Figure 37 inset). The magnitude of peak A1 in the presence of Fe3+ is of the same
order of magnitude as in 0.2 M H2SO4 only (Figure 36). This indicates that the initial
oxidation of chalcopyrite, as represented by peak A1 is independent of Fe3+. This is
because the peak is present both in the presence and absence of Fe3+ with the same
magnitude of current density. Therefore, the presence of this oxidation peak both in
the presence and absence of Fe3+ is an indication that the formation of the intermediate
phase due to the initial oxidation of chalcopyrite occurs whether an oxidising agent is
present or not. Following the initial oxidation peak A1 (Figure 37), there is active
dissolution of chalcopyrite. This is characterised by the huge increase in current
density which is independent of the potential. The active dissolution of chalcopyrite,
also termed as the “transpassive region” is here demonstrated to begin at potentials
just over 1 V (1000 mV).
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Figure 37. The cyclic voltammogram of chalcopyrite in 0.2 M H2SO4 and 5 g/L Fe3+ at 50 °C.
The figure shows the initial two scan that were initiated at OCP to a limit of +500 mV (vs OCP)
before reversing the potential to a potential of -500 (vs OCP). Scan rate = 50 mV/s.

On the reverse scan, peak C2 is again observed at around 300 mV. Its magnitude in
Figure 37 is significantly greater than it was in Figure 36. This is mainly due to the
greater concentration of ions, particularly Fe3+ which is present abundantly in solution.
3.2.3.1

Discussion

Figure 37 has shown the presence of the oxidation peak A1 in the present of Fe3+,
similar to the one observed in the absence of Fe3+. As previously noted, this oxidation
peak possibly represents the oxidation of intermediate leaching phases, a process
commonly referred to as the ‘prewave’ by some researchers. Therefore, the ‘prewave’
is detected in the presence or absence of Fe3+ as the oxidising agent. Following the
‘prewave’ there is active chalcopyrite dissolution, which is characterised by the sudden
increase in the current density as the potential increases above 1000 mV. The reduction
peak C2 is observed at the about the same potential as that observed in the absence of
Fe3+ ions. Therefore, it is possible that similar reactions are believed to occur in the
presence and absence of Fe3+ ions as explained in Section 3.2.2. However, reactions
such as the reactions of the Fe3+/Fe2+ redox couple become more dominant.
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3.2.4

Cyclic voltammetry of chalcopyrite in 0.2 M H2SO4 and 0.01 M Cu2+

Cu2+ has been proposed to be an effective oxidising agent for the leaching of
chalcopyrite (Hiroyoshi et al., 2000; Nicol et al, 2010; Solis-Marcial and Lapidus,
2014). Therefore, the effect of Cu2+ ions on the behaviour of the chalcopyrite surface
was also investigated. The cyclic voltammetry was initiated at OCP in the anodic
direction with potential limits of +600 mV (vs OCP) and -600 mV (vs OCP). Two
consecutive scans were done and the results are as given in Figure 38. Similar to what
was observed in Figure 36 and Figure 37, an anodic peak A1 is observed in the
presence of Cu2+ during the first scan but is not observed in the second scan. As
discussed earlier in Section 3.2.3, the presence of this anodic peak is believed to be
due to the initial oxidation of chalcopyrite. Figure 38 confirms that the initial oxidation
of chalcopyrite is independent of the presence of an oxidising agent. Additionally, it
can be suggested that because the same peak is observed in both Fe3+ and Cu2+ as
oxidising agents, the phase due to this peak is also independent of the nature of the
oxidising agent. An additional peak (A1´) that was not observed in the presence of
Fe3+ is observed in Figure 38. This peak suggests that a new oxidation product is
formed in the presence of Cu2+ that was previously absent in the presence of Fe3+.
When the scan is reversed, a small shoulder cathodic peak (C1) is observed at 350 mV.
This probably represents the reduction of the products formed from the oxidation at
A1´. This is followed by the much larger reduction peak (peak C2) at around 200 mV.
Smaller reduction peaks are observed at -60 mV (C3). During the anodic scan three
new anodic peaks (A2, A3 and A4) are observed. A2 is observed at 265 mV, A3 is at
370 mV while A4 is at around 490 mV.
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Figure 38. Cyclic voltammogram of chalcopyrite in 0.2 M H2SO4 and 0.01 M Cu2+ added as
CuSO4·5H2O.The figure shows the initial two scan that were initiated at OCP to a limit of +500
mV (vs OCP) before reversing the potential to a potential of -500 (vs OCP). Scan rate = 50 mV/s,
temperature = 50 °C.

In the second scan, the oxidation peak for chalcopyrite observed in the first scan at
750 mV (A1´) has apparently disappeared. In the same way, the oxidation peak A1 has
also disappeared in the second scan. This confirms that the peak represents the initial
chalcopyrite dissolution. During the cathodic scan, it is observed that the reduction
peak at 350 mV can still be observed, indicating the reduction of the intermediate
phases. The main reduction peak (peak C2) has also shifted to more negative potentials
although the peak height remains the same. The third reduction peak (peak C3) at 60 mV is higher in the second scan than in the first scan.
During the anodic scan, the oxidation peak A2 is higher in the second scan than during
the first scan. The oxidation of peak at 370 mV (A3) also shows a higher current in the
second scan than in the first.
3.2.4.1

Discussion

In the presence of Cu2+, the cyclic voltammogram suggests the presence of new surface
phases that are not observed in the absence of the Cu2+. It is possible that during the
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anodic scan there are non-stoichiometric intermediates which are formed and these
decompose to a copper sulfide such as covellite (CuS) as suggested by Hackl et al.
(1995). The reduction peak C2 observed in the presence of Cu2+ may represent the
reaction of Cu2+ species with chalcopyrite (Biegler and Horne, 1985) by Equation (93).
CuFeS# + 3Cu#$ + 4e( → 2Cu# S+Fe#$

(93)

The reduction peak has also been explained as being probably due to the reduction of
covellite in the presence of cupric ions as indicated in Equation (94) (Biegler and
Horne, 1985);
CuS + Cu#$ + 2e( → Cu# S

(94)

According to Equations (93) or (94), the product formed at the potential indicated by
peak C2 could be chalcocite (Mikhlin et al., 2004). The small cathodic peak C3
observed in Figure 38 at around -60 mV may be the reduction of the remaining
chalcopyrite to chalcocite or bornite (Mikhlin et al., 2004; Lazaro et al., 1995).
The peaks A3 and A4 may be due to the oxidation of chalcocite to a covellite-like
phase (CuS) or some other non-stoichiometric sulfide designated as *CuS or *CuS2
(Yin et al., 1995; Mikhlin et al., 2004). This oxidation has been presented as shown by
Equation (95).
Cu# S → ∗ CuS + Cu#$ + 2e(

(95)

The anodic peak is most likely due to the oxidation of metallic copper to cuprous ions
or the oxidation of cuprous ions to cupric ions (Mikhlin et al., 2004). During the anodic
scan, three oxidation peaks are observed at 265 mV, 370 mV and at 490 mV possibly
representing the oxidation of Cu+, Cu2S and CuS respectively.
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The cyclic voltammogram in the presence of Cu2+ (Figure 38) has shown that the Cu2+
ions are more effective in forming more readily leachable phases such as chalcocite
and covellite on the surface compared to Fe3+. In fact, CuCl2 has been reported to be
as effective as Fe2(SO4)3 when leaching chalcopyrite (Parker et al., 1981). In addition,
it has been found that Cu2+ ions are more easily reduced on the mineral surface than
Fe3+ ions (Parker et a., 1981; Nicol et al., 2016).
3.2.5

Cyclic voltammetry in the presence of Ag

A chalcopyrite electrode was treated in 0.1 M H2SO4; 5 g/L Fe3+ in the presence of
1000 ppm Ag with a rotation of 300 rpm 65 °C. The chalcopyrite electrode was in the
solution for 30 minutes before the cyclic voltammetry was carried out. The cyclic
voltammetry was initiated at the OCP of 736 mm. An oxidation peak was observed at
A, representing the oxidation of the surface product. In this case the surface product
might be Ag2S as there was sufficient time for it to form on the surface during the 30
minutes of conditioning. During the cathodic scan, the first reduction peak is detected
at around 750 mV as shown by the inset figure in Figure 39.
At B the scan direction is reversed and there is silver plating onto the chalcopyrite
surface. The metallic silver product formed at B is oxidised at C, at about 625 mV.
Therefore, Peak C represents the dissolution of metallic silver. This is similar to the
peak observed by Price and Warren and they attributed such a peak to the formation
of metallic silver. As the potential is increased anodically, there could be a growing
layer of Ag2S which is then oxidised as indicated by the peak at around 930 mV.
Similar peaks were observed by Price and Warren although their peak was at 1.1 V
(Price and Warren, 1986). In the second scan, it appears that a greater amount of silver
sulfide had been formed because the oxidation peak at 930 mV (at A) is higher than in
the first scan (Price and Warren, 1986). In addition, it appears that more silver has been
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plated during the second cycle, because the peaks at B and C are higher in the second
cycle than in the first one. In order to determine if metallic silver would be stable at
the potentials (650 – 710 mV) used, an Eh-pH diagram was constructed and this is
shown in Figure 40.

Figure 39. Cyclic voltammogram of chalcopyrite in 10 g/L H2SO4, 23.5 g/L Fe2(SO4)3 and 1000
ppm Ag+. Scan limits = 500 mV to 950 mV; scan rate = 20 mV/s. Scan initiated at 736 mV (OCP
) to 950 mV then to 500 mV and finally back to OCP. Inset: The cathodic scans showing the
presence of the reduction peak starting at about 750 mV. Insert: A broad reduction peak is
observed starting at 750 mV. The arrows indicate the scan directions.

Figure 40. (a) OCP change with time of chalcopyrite electrode. Operating conditions:
Temperature = 50 °C, [H2SO4] = 20 g/L, [Fe2(SO4)3 = 23.5 g/L], [Ag+] = 100 ppm, Speed of
rotation = 300 rpm (b) Eh-pH diagram for an Ag-S-H2O system at 25 °C showing that elemental
Ag is stable under the tested conditions. [m(Ag) = 0.01 mol/kg H2O, m(S) = 0.01mol/ kg H2O]
(Drawn using HSC Chemistry 7.1).
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The OCP measurements have shown that the OCP falls in the range 650 to 710 mV as
shown in Figure 40 (a). Ghahremaninezhad et al. reported an OCP value of 650 mV in
0.5 M H2SO4, 5 ppm Ag at 25 °C (Ghahremaninezhad et al., 2015) while a value of
787 mV was reported for Ag2S coated chalcopyrite in 0.25 M H2SO4 (Miller et al.,
1981). From Figure 40 (a), in the early stages, the OCP rises sharply before reaching
the peak at 705 mV. This most likely indicates increasing rates of oxidative reactions.
Within the first hour, the OCP reaches the peak value before a gradual decrease in the
OCP becomes evident. The drop in the OCP is an indication of a drop in the rates of
the oxidative reactions, possibly due to the formation of a thickening Ag2S layer on
the chalcopyrite surface. Such a layer has been reported in the literature (Miller and
Portillo, 1979; Parker et al., 2003). The change in chalcopyrite OCP is discussed in
greater detail in Section 4.2.2. It is worth noting that the OCP value obtained in this
study falls in the predominance region where elemental silver is stable at the levels of
pH used as shown in Figure 40(b). This implies that the possibility of metallic Ag
formation is high.
3.2.6

Cyclic voltammetry of chalcopyrite in 0.2 M H2SO4, 5 g/L Fe3+ and 100 ppm
Ag+

The conditions under which cyclic voltammetry was done were varied to be as close
as possible to the conditions encountered in practical heap leaching processes. In these
processes, the operating temperatures typically around 50 °C are common (Nikoloski
et al., 2017). The Ag concentration was also reduced significantly from 1000 ppm to
100 ppm. Figure 41 shows the voltammogram generated when the chalcopyrite
electrode was treated in the solution containing 0.2 M H2SO4, 5 g/L Fe3+ and 100 ppm
Ag+ at 50 °C. Figure 41(a) shows the full scale voltammogram that was obtained.
Figure 41(b) shows the same voltammogram with a reduced scale to allow a clearer
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view of the oxidation peaks that were observed. Figure 41(c) show the reduced scale
voltammogram to allow the reduction peaks to be better seen.

Figure 41. (a) Cyclic voltammogram of chalcopyrite in 0.2 M H2SO4, 5 g/L Fe3+ and 100 ppm
Ag+ at 50 °C. The figure shows the initial two scan that were initiated at OCP to a limit of +500
mV (vs OCP) before reversing the potential to a potential of -500 (vs OCP). (b) Reduced scale
voltammogram showing the cathodic peaks observed (c) Reduced scale showing the cathodic
peak that was observed. Scan rate = 50 mV/s.

It can be seen from Figure 41 that when Ag is present, the oxidation peak A1 is
observed in both the first and second scan. This means that Ag enables the chalcopyrite
to remain active even during the second scan. This is unlike in the absence of Ag where
it was observed that during the second scan, the surface was already passivated and
the surface could only be oxidised at elevated potentials during the second scan. It is
also observed that peak A1 is higher in the second scan than the first scan, an indication
that the formation of the intermediate sulfides is more pronounced than during the first
scan.
A new peak A3 (Figure 41(a) and (b)) is also observed during the first scan but is not
observed in the second scan. This is most probably due to the oxidation of the Ag
species at the electrode surface. Figure 41(c) shows a new reduction peak (C3) that is
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observed during the scanning in the cathodic direction. This reduction peak was not
previously observed during scans that were done in the absence of Ag. It therefore
would suggest that at peak (C3), Ag+ is being reduced to Ag0. The peak is very small
due to the low concentration of Ag ions in solution.
3.2.6.1

Discussion

The most likely phase being oxidised at A3 is Ag2S that would have formed on the
surface of the electrode during the induction period. The oxidation of Ag2S occurs
according to equation (96).
Ag # S = 2Ag $ + S 1 + 2e(

(96)

The oxidation of Ag2S was reported to occur at such potential (Munoz et al., 1998). It
has been reported that the Ag2S forms rapidly on the surface of chalcopyrite (Munoz
et al., 1998). It is most likely that the absence of peak A3 during the second scan is
due to the absence of Ag2S on the surface. There has not been sufficient time for Ag2S
to form during the second scan. During the second scan, the onset of active
(transpassive) dissolution is not immediately observed as evidenced by the low current
densities. This is most like because most of the surface chalcopyrite has already
dissolved leaving a continuously thickening layer of elemental sulfur on the surface,
which results in lower current densities.
3.2.7

Conclusions

The presence of an anodic oxidation peak at around 900 mV (SHE) during cyclic
voltammetry in acid solution was confirmed. This peak is believed to be the anodic
peak that is normally referred to as the anodic prewave, which represents the initial
oxidation of chalcopyrite. When an oxidising agent in the form of Fe3+ ions was
present, the oxidation peak due to the initial oxidation of chalcopyrite was still
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observed. When the oxidising agent was changed to Cu2+ ions, the oxidation peak was
still observed. It has been concluded that the appearance of the ‘prewave’ is
independent of the oxidising agent. In addition, the type of the oxidising agent does
not appear to have any influence on the formation of the anodic ‘prewave’.
The presence of Ag was observed to allow the chalcopyrite surface to remain
anodically active during the second scan. Unlike in situations where Ag was absent,
when Ag was present, the anodic ‘prewave’ was also observed in the second scan. The
presence of a new surface phase on the chalcopyrite surface was also confirmed due
to the appearance of a new anodic peak, which is not observed in the absence of Ag.
It was interesting to observe the oxidation peaks for Ag-containing solutions. The
surface transformation of chalcopyrite in the presence of Ag will be investigated in
detail in later sections of this study.

3.3 Anodic polarisation of chalcopyrite
The anodic polarisation tests performed aimed to investigate the anodic behaviour of
chalcopyrite in contact with sulfate solutions. The chalcopyrite working electrode was
contacted with the solutions for various times prior to conducting the electrochemical
measurements. Following the respective contact period in the electrolyte, the anodic
behaviour of the chalcopyrite was then characterised by performing anodic
polarisation of the chalcopyrite.
3.3.1

Anodic polarisation of chalcopyrite in sulfuric acid

Figure 42 shows the anodic polarisation of a chalcopyrite massive electrode in 0.2 M
H2SO4 at 50 °C, with no induction period. The polarisation was done from 415 mV (vs
SHE) towards the anodic direction. In other words, the scan was initiated as soon as
the electrode was inserted into the solution. The polarisation curve has two peaks.
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These peaks indicate the oxidation of two surface phases at A1 and A2. The existence
of such A1 may be the prewave which was first reported by Biegler and Horne (1985).
It is the initial oxidation of a freshly prepared chalcopyrite surface in acid solutions.
This oxidation results in the formation of an intermediate phase that is passive. The
oxidation at A1 could be the oxidation of chalcopyrite with formation of an
intermediate such as covellite, CuS. Zeng et al. (2013) reported that CuS forms from
the oxidation of chalcopyrite at potentials between 600 mV and 700 mV. However,
the formation of CuS has also been reported to take place at potentials between 1.085 V
and 1.165 V (SHE) (Nava and Gonzalez, 2006). It was proposed that the CuS formed
according to Equation (97) (Zeng et al., 2013).
CuFeS# = 0.75CuS + 1.25S 1 + 0.25Cu#$ + Fe#$ + 2.5e(

(97)

As the potential is increased, the dissolution of the intermediate phase is evident at A2,
starting at around 800 mV with the peak current obtained at about 873 mV. A
continued increase in potential shows a high increase in current density without much
change in the potential. This represents the bulk oxidation of the chalcopyrite at this
region known as the transpassive region. As the transpassive region is reached at
potentials between 950 and 1000 mV, it is not necessary to investigate the anodic
behaviour at potentials that are significantly over 1000 mV.
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Figure 42. Anodic polarisation of chalcopyrite in 0.2 M H2SO4 with no induction period. The
scan was initiated at 415 mV up to 1015 mV at 20mV/s. Temperature = 50 °C.

The anodic polarisation of chalcopyrite in 0.2 M H2SO4 has shown that there are at
least two surface species present on the chalcopyrite surface which get oxidised at
potentials between 415 mV and 1000 mV.. The oxidation of chalcopyrite will occur
following the oxidation of these species, but at much higher potentials.
3.3.2

Simultaneous linear polarisation resistance (LPR) and OCP measurements

Simultaneous linear polarisation resistance measurements and OCP measurements
were also carried out on the chalcopyrite rotating disk electrode. The most notable
observation made during these measurements is shown in the image shown in Figure
43. The image of the electrode was taken after 24 hours, during which linear
polarisation and OCP measurements were carried out simultaneously in 0.1 M H2SO4
with no oxidising agent at a temperature of 65 °C with a rotation of 300 rpm. The
image shows the presence of lines which appear to originate from the centre of the
electrode and growing outward from the centre. Such lines have also been identified
by other researchers during potentiostatic polarisation of chalcopyrite at 1.2 V (SHE)
in 0.3 M H2SO4 at 24 °C (Nicol 2017). On the same electrode surface, there are regions
with clean chalcopyrite surfaces.
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Figure 43. The surface of the chalcopyrite electrode showing the presence of hydrodynamic lines
after the 24 hours in 10 g/L H2SO4 of simultaneous linear polarisation and OCP measurement at
65 °C with a rotation speed of 300 rpm.

Lines like those in Figure 43 have been identified as being hydrodynamic stream-lines
which are due to mass transport to the electrode (Nicol, 2017). The lines were
suspected to be initially composed of amorphous sulfur which formed at high
potentials and later turned to a darker form very rapidly (Nicol, 2017). However, the
surface shown in Figure 43 was not obtained at high potentials but at overpotentials of
±20 mV to the OCP. Therefore, based on the mechanism that was described by Nicol
(2017), then it is possible that the amorphous sulfur is also produced at low potentials.
The surface was studied on the SEM to understand the morphology of the
hydrodynamic lines. The observation made from such SEM studies will be discussed
in Chapter 5. However, the mechanism of formation and the re-crystallisation process
that follows the formation of the elemental sulfur is not yet completely understood.
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3.3.3

Potentiostatic polarisation

It was important to study the steady state behaviour of chalcopyrite when the electrode
is held at a constant potential for a given period. When a stable passive film forms on
the surface, it can result in a rapid drop in the dissolution current density in the passive
potential region under investigation (Ghahremaninezhad et al., 2013). Figure 44 shows
potentiostatic polarisation curves when the electrode potential was held at a constant
potential for 2 hours. Three potential values (900 mV, 930 mV and 950 mV) were
chosen. These potentials fall within the region where the peak believed to be due to
the initial oxidation of chalcopyrite was observed (Figure 37, Figure 41 and Figure
42). It is observed from Figure 44 that the current density declines rapidly in the first
few minutes of the tests. This huge decrease in the dissolution current density is
indicative of the rapid formation of a passive film (Ghahremaninezhad et al., 2013).
For example, at a potential of 950 mV, the current density fell rapidly from around 3
mA cm-2 to less than 1 mA cm-2 within the first minute of the experiment. From this
point, the current density decline was less rapid and reached ‘equilibrium’ within the
first hour. This rapid decline in current density would suggest a quick passivation
process of the chalcopyrite.
When the potential was held at 930 mV, the current density fell quite rapidly in the
first minute. After this initial rapid decline, the current density fell much more slowly
and steady state appears to have been achieved within the first hour. The attainment of
a constant dissolution current density suggests that a passive surface film has been
formed (Ghahremaninezhad et al., 2013). Curiously, the curve obtained with a
potential of 900 mV showed an initial increase in the current density from 0.4 mA cm2

to 1.7 mA cm-2. The current density then dropped rapidly to 0.6 mA cm-2. A slight

re-activation seems apparent in the first minute although this reaches a maximum value
209

followed by a decline in current density. The current density reaches steady state
thereafter.

Figure 44. Potentiostatic polarisation of chalcopyrite at three different potentials of 900 mV,
930 mV and 950 mV. Solution composition: 10 g/L H2SO4; 23.5 g/L Fe2(SO4)3 and 10 mM Ag+.
Inset figure shows the chalcopyrite behaviour in the first 5 minutes of the experiment.

It is therefore observed that the highest current density was observed at 950 mV
compared to 930 mV and 900 mV. However, the current density rapidly falls within
the first minute to very low values. This means that at these potentials, there is very
little oxidation reactions taking place. The attainment of steady state so early into the
tests, especially for 900 mV and 930 mV suggests that the chalcopyrite surface
passivates quite rapidly at these potentials. It can therefore be concluded that the initial
oxidation of chalcopyrite observed at around 900 mV in the cyclic voltammetry in
Sections 3.2.2 to 3.2.5 results in a surface phase that inhibits the active dissolution of
chalcopyrite.
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3.4 Semiconductor behaviour of chalcopyrite by capacitance
measurements
3.4.1

Introduction

As previously stated, in Section 1.1.3 and Section 1.6.3, chalcopyrite is a semiconductor with a bandgap of about 0.6 eV (Torma, 1991; Hiskey, 1993; Crundwell,
2015; Crundwell et al., 2015). Semiconductors are usually classified into two types,
namely n-type and p-type. In n-type semiconductors, the main charge carriers are
electrons while for p-type semi-conductors, the main charge carriers are holes (Zhao
et al., 2017). Much of the literature suggests that chalcopyrite is an n-type semiconductor (Mikhlin et al., 2004; Ghahremaninezhad, 2012; Crundwell, 2015).
However, some reports propose chalcopyrite as a p-type semiconductor (Parker et al.,
2003). Other studies have found it to be both n-type and p-type (McMillan et al., 1982;
Torma, 1991; Cordoba et al., 2008; Klauber, 2008; Zhao et al., 2017). From a
theoretical perspective, chalcopyrite should be an n-type semiconductor due to the
slight excess of metals over sulfur in the crystal structure (Crundwell, 1988;
Crundwell, 2015). There are differences in the way n-type and p-type chalcopyrite
minerals leach. In recent bioleaching experiments, chalcopyrite with p-type behaviour
leached more easily than n-type chalcopyrite under similar conditions and this was
attributed to the greater electrochemical activity of the surface product (Zhao et al.,
2017). However, it was concluded that the intermediate species formed on the surface
and electrochemical dissolution processes are similar during bioleaching for both ntype and p-type chalcopyrite (Zhao et al., 2017).
The interaction between a semiconductor and a solution when they come into contact
is explained in greater detail in Section 1.6.3. Electrochemical techniques such as
Mott-Schottky tests have been used to study the semiconductor behaviour of
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semiconducting sulfide minerals in general (Mishra and Osseo-Asare, 1992; Schmuki
et al., 1995) and chalcopyrite in particular (Ghahremaninezhad et al., 2010; Crundwell
et al., 2015; Ghahremaninezhad et al., 2015; Rafsanjani-Abbasi and Davoodi, 2016;
Olvera et al, 2016).
In the semiconductor model of dissolution, the behaviour of the space charge region
of an ideal n-type semiconductor is related to the potential applied to it and this
relationship has been explained in detail in the literature (Morrison, 1980; Crundwell,
2015). At cathodic potentials, there is current flow due to electrons in the conduction
band of the semiconductor. These electrons can react when they reach the surface,
resulting in reduction of solution species at the surface of the semiconductor. This is
referred to as the accumulation region (Crundwell, 2015) and it consists of a surface
region enriched with the majority carrier (Pleskov, 1980). This condition is shown in
Figure 15(b). As the potential increases anodically, the surface region will be depleted
of majority carriers and there are no minority carriers present. This is referred to as the
depletion region (Morrison, 1980; Hiskey, 1993). In a depletion layer, there are no
mobile charge carriers and as a result the conductivity is much lower than the
electrically neutral bulk material (Pleskov, 1980) and the surface region is essentially
insulating (Morrison, 1980).
Figure 15(a) shows the inversion region in an n-type semiconductor. The majority
carriers (electrons) are extracted in large numbers at more anodic potentials. There is
extreme bending of the energy bands and results in a region referred to as the inversion
region (Hiskey, 1993). In the inversion region, electrons are not only extracted from
the conduction band but also from the valence band, causing inversion from n-type to
p-type semiconductor behaviour at the surface (Hiskey, 1993). In other words, the
surface region is enriched with minority carriers, whose contribution exceeds that of
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the majority carriers (Pleskov, 1980). The electrons flow from the valence band to the
conduction band by tunnelling through the energy barrier or by transfer across defect
states, with a resulting increase in current flow in the anodic direction (Crundwell,
2015). At even more anodic potentials, the surface will develop a deep depletion layer.
When this happens, there will be accumulation of holes at the surface and these holes
react, resulting in anodic dissolution (Crundwell, 2015).
When a potential is imposed on an ideal semiconductor in contact with an electrolyte,
two capacitors in series are formed at the interface (Morrison, 1980;
Ghahremaninezhad et al 2010). This capacitance can be used to investigate whether a
surface displays semiconductor characteristics (Crundwell et al., 2015). The
capacitance at the surface of the semiconductor results from the Helmholtz (double)
layer and the space charge region (Morrison, 1980; Ghahremaninezhad et al., 2010).
Overall, the capacitance can be described by equation (98);

1
1
1
=
+
C C¤ C¥¦

(98)

where CH and CSC represent the capacitances of the Helmholtz layer and the space
charge region respectively. The capacitance of the Helmholtz layer is 2-3 orders of
magnitude greater than the capacitance of the space charge (Ghahremaninezhad et al.,
2010; Ghahremaninezhad et al., 2015). Therefore, the term

3
§¨

can be ignored

(Gerischer, 1990; Schmuki et al., 1995). As a result, the measured capacitance can be
taken as
1
1
=
C C¥¦
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(99)

The space charge capacitance can be represented by the Mott-Schottky relationship in
the following expression:
1
2
𝑘𝑇
# = 𝑒ɛɛ 𝑛 C𝐸 − 𝐸-® − 𝑒 J
𝐶ª§
1 1

(100)

where e represents the charge of an electron; ɛ represents the dielectric constant; ɛ0
represents the permittivity of free space; n0 (or p0 for p-type semiconductors) represents
the donor density (or acceptor density); E is the applied potential; Efb is the flat-band
potential, k is the Boltzmann constant and T is the absolute temperature (Morrison,
1980; Ghahremaninezhad et al., 2010). Flat-band potential is the potential at which the
semiconductor electrode is uncharged i.e. in the depletion region (Pleskov, 1980). A
plot of 1/C2sc versus the applied potential (E) yields a straight line in the depletion
region. The term Efb can be estimated as the x-intercept obtained by extrapolating the
straight-line portion of the Mott-Schottky plot so that it intersects with the x-axis. The
term

°±
²

is a correction term that is usually negligible (Morrison, 1980). From Equation

(100), an increase in the donor density, n0 (or acceptor density, p0) results in a low
value of slope and vice versa.
There have been conflicting reports on the application of Mott-Schottky plots to study
chalcopyrite semiconductor behaviour. One study has reported that capacitance is a
time dependent parameter, and stability is not achieved in minutes or even hours
(Nicol, 2017). However, it has also been reported that the capacitance of chalcopyrite
in solutions containing Ag+ is time dependent in the first 15 minutes of immersion,
after which the capacitance remains constant (Ghahremaninezhad et al., 2015).
Crundwell has argued strongly that the leaching of chalcopyrite can be explained
solely in terms of the semiconductor model where the dissolution of chalcopyrite can
be classified as accumulation, depletion or inversion depending on the potential
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(Crundwell, 2015). Crundwell argues that no passivating layers form on the
chalcopyrite surface and all observations that have been attributed to passivation can
instead be attributed to semiconductor properties. Contrary to the findings by
Ghahremaninezhad et al (2010) who proposed the formation of different surface films
that possess different semiconductor properties, Crundwell argues that the apparent
semiconductor properties are not of the surface films but are due to the bulk material
(Crundwell, 2015).
Silver is known to enhance Cu extraction from chalcopyrite. However, there is still
some controversy regarding the mechanism of catalysis. A mechanism for the silver
catalysis that is commonly cited can be summarised in Equation (101) and (102)
(Miller and Portillo, 1979).
CuFeS# + 4Ag $ → 2Ag # S + Cu#$ + Fe#$

(101)

Ag # S + 2Fe,$ → 2Ag $ + S 1 + 2Fe#$

(102)

However, the validity of the above mechanism has been questioned for failing to
explain the formation of porous sulfur, for example (Ghahremaninezhad et al., 2015).
These authors instead proposed a new model that explored the interaction of silver ions
with chalcopyrite (Ghahremaninezhad et al., 2015). The proposed mechanism of silver
catalysis states that silver cations adsorb to the chalcopyrite electrode surface forming
Ag2S and sulfur vacancies accompanied by the creation of a pair of holes
(Ghahremaninezhad et al., 2015). The formation of sulfur vacancies and holes was
reported to increase the dissolution of chalcopyrite.
Previous studies have shown that Ag0 is deposited on the chalcopyrite surface during
a silver-catalysed leaching of chalcopyrite (Tapera and Nikoloski, 2016). Mostly cubic
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particles were observed with a range of sizes up to 500 nm. Additionally, Ag0 is
formed on the chalcopyrite surface by introducing ethylene glycol to the leach solution
containing silver ions (Tapera et al., 2018; Tapera and Nikoloski, 2018). The ethylene
glycol reduces silver ions resulting in the formation of Ag0 nanoparticles. The presence
of Ag0 on the chalcopyrite surface is believed to change the semiconductor properties
of chalcopyrite during leaching. As such, the semiconductor properties of chalcopyrite
will be investigated in the presence of ethylene glycol and/or Ag ions, under conditions
where Ag0 is expected to form. For these investigations, Mott-Schottky techniques
were applied. One of the major aims of the study is to show that the role of Ag is to
modify the surface conductivity of chalcopyrite. It will also be proposed that one of
the roles of Ag is to improve conductivity and therefore provide a charge transfer path
which results in improved anodic dissolution of chalcopyrite. The semiconductor
properties of chalcopyrite will be investigated in solutions at different conditions of
pH and temperature.
3.4.2

The effect of frequency

The first set of capacitance measurements were carried out in 0.5 M H2SO4 at 25 °C
to establish whether the chalcopyrite sample used in this study behaved in a similar
manner to other chalcopyrite samples used in previously published studies
(Ghahremaninezhad et al., 2010; Crundwell et al., 2015; Rafsanjani-Abbasi and
Davoodi, 2016).
Figure 45 shows the Mott-Schottky plots that were obtained for the chalcopyrite
electrode in contact with 0.5 M H2SO4 at 25 °C in the present study. Five frequencies
were used to measure the capacitance: 100 Hz, 316 Hz, 1 kHz, 3.16 kHz and 10 kHz.
Nicol (2017) argued that frequencies greater than 1 kHz are unsuitable for this test as
they are outside the linear regions of Bode plots of unit slope and the results are
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unreliable. Nicol (2017) deemed that the use of 1 kHz provided reasonably accurate
data. On the other hand, it has been reported that high frequencies should be used to
minimise leakage currents due to Faradaic reactions (Ghahremaninezhad et al. 2015).
In the present study, a frequency range of 100 Hz to 10 kHz was used to allow a
comparison of results with other published results on chalcopyrite capacitance
measurements (Ghahremaninezhad et al., 2010; Rafsanjani-Abbasi and Davoodi,
2016).

Figure 45. The Mott-Schottky plots of a chalcopyrite electrode at 25 °C in 0.5 M H2SO4. A
trendline has been included to show the presence of a linear section of the plot.

Figure 45 shows that there is a correlation between the frequency and the peak height
on the 1/C-2 axis. It is interesting to note that for all frequencies, at around 600 mV
there is a sharp change in the slope of the curves. In the potential range between 600
mV and 1000 mV, the Mott-Schottky plots exhibit a linear region with a positive slope
for all frequencies, which suggests that the electrode surface is n-type in this potential
range. Chalcopyrite has been found to be n-type in this potential range in previous
experiments (Ghahremaninezhad et al., 2010; Crundwell et al., 2015; RafsanjaniAbbasi and Davoodi, 2016). The slope of the Mott-Schottky plot changes to a negative
value when the potential reaches 1000 mV. Such change in slope is indicative of the
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inversion region (Morrison, 1980) as a negative slope represents a change in the charge
carriers from being mainly electrons to holes, as happens in a p-type semiconductor
(Ghahremaninezhad et al., 2010; Crundwell et al., 2015; Rafsanjani-Abbasi and
Davoodi, 2016). At this potential, the surface layer is unstable and is oxidised rapidly
according to Nicol (2017).
The behaviour of the chalcopyrite sample used in this study generally exhibits similar
behaviour to that observed previously in similar solutions (Ghahremaninezhad et al.,
2010; Crundwell et al., 2015; Rafsanjani-Abbasi and Davoodi, 2016). However, there
are some differences in the magnitude of the 1/C-2. The reason for these differences is
not clear. The frequency of 1 kHz will be used in subsequent discussions of the results
from the present study. This frequency is consistent with the frequency used in
previous studies (Ghahremaninezhad et al., 2010; Ghahremaninezhad et al., 2015;
Rafsanjani-Abbasi and Davoodi, 2016).
3.4.3

The effect of pH on chalcopyrite semiconductor properties at 25 °C

Capacitance measurements were done in 0.2 M H2SO4 and 0.5 M H2SO4 at 25 °C to
observe the effect of pH on the semiconductor properties of chalcopyrite. An acid
concentration of 0.2 M is typical for practical heap leaching systems. Figure 46 shows
the Mott-Schottky plots as well as the potentiodynamic polarisation curves for the
chalcopyrite electrode in 0.2 M and 0.5 M H2SO4 at 25 °C. The peak of the MottSchottky plot is higher in 0.2 M acid than in 0.5 M acid, indicating greater capacitance
of the surface in 0.5 M acid. However, the general features of the two plots are similar.
One striking feature in Figure 46 is that the first sharp change in slope in both MottSchottky plots occurs close to 500 mV. Between about 500 mV and 800 mV, the plot
is linear (region 1). This region corresponds to the potential region for the first
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oxidation peak (A1) on the potentiodynamic polarisation curves. Increasing the
potential to more positive potentials reveals yet another change in slope at around
800 mV on the Mott-Schottky plots. From this point a new linear region (region 2) is
observed on both Mott-Schottky plots. The development of a new oxidation peak on
the polarisation curve above around 800 mV is also observed and it coincides with
region 2. For both solutions, the slope of region 2 is larger than the slope of region 1.
When the potential reaches 1000 mV, an immediate drop is observed on both MottSchottky plots. The slope now has a negative value, indicating a change in the surface
from n-type to p-type and a greater participation of holes as the charge carriers. At
higher oxidation potentials, the Mott-Schottky plots are flat.

Figure 46. Mott-Schottky plots showing the effect of acid concentration on semi-conductor
properties of chalcopyrite in different solutions at 25 °C. Scan frequency = 1 kHz. The figure
also shows the potentiodynamic polarisations (PDP); Scan rate = 5 mV/s.

The behaviour of the chalcopyrite electrode in acid at potentials <500 mV as indicated
in Figure 46 has been interpreted to be due to a thin surface layer that forms during
electrode preparation (Ghahremaninezhad et al., 2010). The increase in the slope of
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the Mott-Schottky plots at 500 mV is indicative of a decrease in the carrier density of
the surface layer compared to the surface layer at lower potentials (Ghahremaninezhad
et al., 2010) and this can also be inferred from Equation (100). As the potentials are
increased towards more positive potentials, the reaction in Equation (103) has been
proposed for the chalcopyrite, which indicates the formation of a layer deficient in Fe
(Hackl et al., 1995; Ghahremaninezhad et al., 2010). This regime is labelled region 1
in Figure 46.
CuFeS# → Cu3(M Fe3(N S# + xCu#$ + yFe#$ + (x + y)e(

y⨠x

(103)

The growth of the Fe-deficient layer in region 1 results in a continued decrease in the
capacitance of the surface layer. The kink in the Mott-Schottky plots at around 800
mV in Figure 46 for both 0.2 M and 0.5 M acid solution may be due to further
oxidation of the Cu1-xFe1-yS2 and the formation of a Cu polysulfide due to the complete
removal of Fe according to Equation (104) (Hackl et al., 1995; Ghahremaninezhad et
al., 2010). This region is labelled region 2 in Figure 46.
Cu3(M Fe3(N S# → Cu3(M(R S# + zCu#$ + (1 − y)Fe#$ + (z + 1

(104)

− y)e(
The formation of the new surface phase, Cu1-x-zS2, changes the electrochemical
properties of the surface at 800 mV. The change in the slope from positive to negative
value at around 1000 mV represents formation of an inversion layer where current
flow is now due to the minority carriers, i.e. holes (Crundwell et al., 2015). In this
region, there is active dissolution of the chalcopyrite. It is important to note that n-type
semiconductors resist anodic currents (Crundwell, 2015) while p-type semiconductors
resist cathodic currents (Osseo-Asare, 1992; Ghahremaninezhad et al., 2012;
Ghahremaninezhad et al., 2015). N-type semiconductors block anodic reactions by
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lowering the anodic transfer coefficient (αa) while the cathodic transfer coefficient (αc)
remains constant at 0.5 (Kapusta and Hackerman, 1981). At high anodic potentials, a
negative charge accumulates on the surface of an n-type semiconductor due to metal
vacancies in the surface film and this high negative charge blocks oxidation reactions
at the electrode surface (Ghahremaninezhad et al., 2012). It has also been reported that
for n-type semiconductors, the supply of holes limits the anodic current (Parker et al.,
1981). On the other hand, it has been reported that anodic dissolution of all
semiconductors occurs mainly via the valence band (Memming, 1983). It has also been
reported that the chalcopyrite surface is n-type during passive dissolution
(Ghahremaninezhad et al., 2010) and according to Figure 46 there is passive
dissolution of chalcopyrite in the potential range 500 mV to about 950 mV. Active
dissolution of the chalcopyrite occurs from around 1000 mV, when the electrode
surface is in the inversion region and dissolution occurs because of the greater
participation of holes.
3.4.4

Chalcopyrite semiconductor properties in acid and Ag+ at 25 °C

Figure 47 shows the Mott Schottky plots obtained in 0.2 M and 0.5 M H2SO4 solutions,
each solution containing 100 ppm Ag+ at 25 °C. The figure also shows the
potentiodynamic polarisation curves of the chalcopyrite electrode at 25 °C in similar
solutions. On the Mott-Schottky plots, the first sharp change is apparent at potentials
around 850 mV. This is different to Figure 46, where this change was observed at
500 mV. This suggests that the mineral surface possesses different semiconductor
properties in the presence of Ag+. Both plots in Figure 47 have a linear region from
850 mV to around 1000 mV. At 1000 mV, there is a sharp drop and above 1034 mV,
the plots appear to be flat.
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Figure 47. Mott-Schottky plots showing the effect of acid and Ag+ concentration on semiconductor properties of chalcopyrite in different solutions at 25 °C. Scan frequency = 1 kHz.
The figure also shows the potentiodynamic polarisations (PDP) carried out in similar solutions;
Scan rate = 5 mV/s. Ag+ concentration = 100 ppm.

In the potentiodynamic polarisation curves there are oxidation peaks at 600 mV for 0.5
M H2SO4 and 650 mV and 0.2 M H2SO4 which are due to the oxidation of Ag phases.
Current densities are much greater in Figure 47 than in Figure 46. The oxidation peak
for the electrode in 0.5 M acid in Figure 47 shows a small shoulder on the right side,
a possible indication of two different Ag phases - Ag0 and possibly Ag2S. The
appearance of the oxidation peaks at 550-600 mV has been attributed to the deposition
of metallic silver due to the contact of Ag ions with chalcopyrite according to Equation
(105) (Munoz et al., 1998). The peak is more prominent in 0.2 M acid solution than in
0.5 M acid, indicating the greater participation of Ag in the reaction in Equation (105)
is in 0.2 M acid solution than in 0.5 M H2SO4.
CuFeS# + 2Ag $ = Cu#$ + Fe#$ + 4Ag 1 + 2S 1

(105)

When the potential reaches around 850 mV, both polarisation curves show the start of
a new oxidation peak. This corresponds to the first apparent change in slope that is
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observed in the Mott-Schottky plots. A small shoulder peak is present at 850 mV for
the 0.5 M solution.
Some observations can be made regarding the Mott-Schottky plots when Ag+ ions are
present in the solution. Firstly, the plots only exhibit a positive slope at around 850
mV, which is over 300 mV greater than the 500 mV that was observed in the absence
of Ag+ (Figure 46). This represents a shift in the flat band potential (Efb) of the
chalcopyrite surface. A shift in the flat band potential can be due to a separate phase
as a film on the surface (Morrison, 1980). Therefore, it is inferred that a different
surface layer with different semiconductor properties is present when Ag+ is present
than when it is absent.
A comparison of Figure 46 and Figure 47 reveals differences in the slopes of the linear
regions of the plots. In Figure 46, there are two regions with different slopes (region 1
and region 2) whereas in Figure 47, there is only one linear region. Changes in the
slope of the Mott-Schottky plots are usually indicative of changes in the bulk
properties

(near

the

surface)

of

the

semiconductor

(Morrison,

1980;

Ghahremaninezhad et al., 2010). Changes such as these have been useful in
determining the bulk properties of semiconductors (Morrison, 1980). Therefore the
differences in the slope obtained in the presence of Ag+ (Figure 47) and in the absence
of Ag+ (Figure 46) reveal that the bulk properties of the chalcopyrite (near the surface)
are changed by the presence of Ag+. These observations agree with Ghahremaninezhad
et al. (2015), who reported that Ag is incorporated into a passive surface film and
changes the semiconductor properties of the surface. A steep slope on the MottSchottky plot represents a low carrier density (n0) while a small slope represents a high
carrier density, according to Equation (100).
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3.4.5

Chalcopyrite semiconductor properties in 0.2 M acid only at 50 °C

It is important to realise that while important information has been gathered about the
behaviour of chalcopyrite at 25 °C, practical heap leaching processes may operate at
more elevated temperatures, such as at 50 °C (Nikoloski et al., 2017; Tapera et al.,
2018). Figure 48 shows the Mott-Schottky plot and potentiodynamic polarisation
curve for the chalcopyrite electrode in 0.2 M H2SO4 solution at 50 °C. The first sharp
change in the slope on the Mott-Schottky plot is at about 700 mV. Around this
potential, an oxidation peak is also observed as indicated by the black circle in Figure
48. There is a linear region from this potential to around 1000 mV as shown by the
regression line in Figure 48. Increasing the potential to more positive potentials sees a
sharp drop in the plot. As noted before, this indicates a change to p-type semiconductor
behaviour. In addition, as this potential region is approached; there is a sudden increase
in the current density, which then becomes independent of the potential.

Figure 48. Mott-Schottky plot and potentiodynamic polarisation curve of chalcopyrite electrode
in 0.2 M H2SO4 at 50 °C. Scan rate = 2.5 mV/s.

The behaviour of the chalcopyrite surface in 0.2 M H2SO4 solution at 50 °C is
markedly different to what was observed at 25 °C as shown in Figure 46. The first
difference is that the first change in slope in the Mott-Schottky plot occurs at about
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700 mV, compared to 500 mV in Figure 46. The kink at 800 mV in Figure 46 is not
immediately evident in Figure 48. Instead, at 50 °C, there is only one linear region
between 700 mV and 1000 mV, which implies that there is only one surface phase
between these potentials. This is contrary to the presence of two different phases
between 500 and 1000 mV at 25 °C.
3.4.6

Chalcopyrite semiconductor properties in 0.2 M acid and Ag+ at 50 °C

Figure 49 shows the Mott-Schottky plot and potentiodynamic polarisation curve of a
chalcopyrite electrode in 0.2 M H2SO4 and 100 ppm Ag+ at 50 °C. The arrows on the
figure indicate the potentials at which different oxidation peaks are observed, as well
as the points on the Mott-Schottky plot corresponding to these potentials. The
potentiodynamic polarisation curve shows the oxidation of Ag phases (A1) at around
550 mV. The presence of this oxidation peak corresponds to some interesting
semiconductor characteristics of the surface which will be discussed in Section 3.4.7.
Increasing the potential towards more positive potentials yields a second oxidation
peak (A2) at 850 to 890 mV. This oxidation peak corresponds to the first slope change
observed in the Mott-Schottky plot followed by the linear region 1 in Figure 49.
Further increase in the potential results in the emergence of the third oxidation peak
(A3). This oxidation peak corresponds to the linear region 2 in Figure 49. Further
increase in the potential results in rapid increase in the anodic currents due to the active
dissolution of chalcopyrite.
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Figure 49. Mott-Schottky plot and potentiodynamic polarisation curve of chalcopyrite electrode
in 0.2 M H2SO4 and 100 ppm Ag+ at 50 °C. Scan rate = 2.5 mV/s.

The initial sharp change in slope on the Mott-Schottky occurs at the same potential
that was observed at 25 °C (Figure 47). In Figure 49, three different intermediate
surface products can be identified on the Mott-Schottky plot at potentials between
850 mV and 1000 mV. Each of the intermediate products is represented by a linear
region (1, 2 or 3). The slope of region 2 is greater than the slope for region 1 which
indicates a decrease in the charge carriers (i.e. electrons). This corresponds to the
depletion region in the semiconductor model.
Figure 49 shows that in the presence of the Ag+ at 50 °C chalcopyrite goes through a
series of successive oxidation steps within the potential range 850 mV to 1000 mV.
The differences in the types of surface layers formed could be related to the presence
of silver on the surface as “surface states”. The presence of imperfections such as
surface states on the surface can alter the types of layers that form on the surface
(Kapusta and Hackerman, 1981).
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3.4.7

Chalcopyrite semiconductor properties in 0.2 M acid and Ag at 50 °C (24
hours)

In order to investigate the behaviour of chalcopyrite in the presence of Ag for
prolonged periods of time, the chalcopyrite electrode was leached in the respective
solutions for 24 hours before the electrochemical measurements were done. In
addition, the presence of Ag and ethylene glycol (EG) together was also investigated.
EG is a reducing agent, which should cause Ag to be deposited on the mineral surface
as Ag0. The effect of ethylene glycol and Ag on chalcopyrite has been investigated in
previous studies (Tapera et al., 2018; Tapera and Nikoloski, 2018). Figure 50(a) shows
the potentiodynamic polarisation curve (green curve) for the chalcopyrite electrode
after it was rested in a solution with 0.2 M H2SO4, 100 ppm Ag+ and 1% EG (v/v) at
50 °C for 24 hours before the polarisation measurements were done. The figure also
shows the Mott Schottky plots in 0.2 M H2SO4 in the presence of (a) 100 ppm Ag+ and
(b) 100 ppm Ag+ and 1% ethylene glycol (EG) (v/v) after resting the electrode in the
solution for 24 hours.
After 24 hours in the solution, the chalcopyrite electrode was polarised from 415 mv
to 1015 mV at 2.5 mV/s. Figure 50(a) also shows two Mott-Schottky plots which were
generated after 24 hours in 0.2 M H2SO4 and 100 ppm Ag+ as well as in 0.2 M H2SO4,
100 ppm Ag+ and 1% EG (v/v). The results indicate that there is an oxidation peak
(A1) at around 550 mV on the potentiodynamic polarisation curve. The significance
of the oxidation peak was discussed in preceding sections. Ethylene glycol is known
to have an ability to reduce Ag+ to Ag0 (Sun and Xia, 2002, Wiley et al, 2005). As a
result, it is reasonable to believe that the oxidation peak A1 observed in Figure 47 and
Figure 49 is due to the oxidation of Ag0 on the chalcopyrite surface.
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Figure 50. Mott-Schottky-plots of chalcopyrite electrode in 0.2 M H2SO4 in the presence of
(a)100 ppm Ag+ and (b) 100 ppm Ag+ and 1 % ethylene glycol (EG) (v/v) after 24 hours. The
figure also shows the potentiodynamic polarisation curve (PDP) of a chalcopyrite electrode 0.2
M H2SO4, 100 ppm Ag+ and 1 % (v/v) EG.

Increasing the potential towards more positive potentials reveals a second oxidation
peak (A2) at 820 mV in Figure 50(a). Peak A2 represents the oxidation of an
intermediate surface phase. Interestingly, peak (A2) occurs at a potential similar to
peak A1 in Figure 46. However, the peak current density in Figure 50(a) is much
greater than the peak current density for Figure 46. When the current density drops
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after peak A2 in Figure 50a, there is a corresponding change in slope in the MottSchottky plots. As the potential reaches 1000 mV, there is a change in the slope of the
plot from positive to negative. As discussed before, the electrode surface is now in the
inversion region.
3.4.8

Overall observations

One outstanding feature that was observed in all the Mott-Schottky plots in the
presence of Ag+ is a trough on the Mott-Schottky plots at potentials close to 550 mV,
which correspond to the oxidation peak A1 (see Figure 50(b) which represents the
results in Figure 50(a) at a reduced scale). As discussed in preceding sections, peak
A1 represents the oxidation of Ag. This oxidation of Ag is therefore the most likely
cause of the change in the semiconducting properties of the chalcopyrite surface at
potentials between 200-800 mV. At potentials below 550 mV, the plots have a
negative slope. The surface therefore exhibits p-type behaviour. This potential region
is the accumulation region. However, at potentials greater than 550 mV, the slope of
the Mott-Schottky plots becomes positive, indicating a change to n-type behaviour. At
a potential of 850 mV, there is a significant change in the slope of the plot (Figure
50(a)), which indicates a huge shift in the semiconducting properties of the surface.
The potential range from 550 mV to 1000 mV is the depletion region.
As discussed previously electrons can tunnel or hop via defect states from the valence
band at the surface to the conduction band. The presence of surface states on the
surface of sulfide electrodes has been reported to aid the transfer of charge (Crundwell,
1988). When deposition of metallic silver on the surface occurs, it would be expected
to affect charge transfer rates. When small amounts of foreign material are sputtered,
precipitated or reacted with a semiconductor surface, they can be described as
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“deposited species” (Morrison, 1980). These deposited species have the ability to
change the properties of the surface (Morrison, 1980). For example, metals can be
deposited in the form of “crystallites” and such “crystallites” strongly affect the surface
properties (Morrison, 1980). The “crystallites”, which themselves are surface states
change the surface capacitance (Morrison, 1980). As a consequence of them being a
separate phase, such “crystallites” are more likely than real surface states to affect
capacitance (Morrison, 1980).
In this current study, it is postulated that Ag0 can be deposited on the chalcopyrite
surface in the form of metallic silver particles. Some studies have reported that with
excess Ag in solution, metallic silver together with silver sulfate can be formed on the
surface during chalcopyrite leaching (Cordoba et al., 2008). In addition, ethylene
glycol has the ability to reduce Ag+ to Ag0 (Sun and Xia, 2002; Wiley et al., 2005).
The formation of Ag0 on the chalcopyrite surface has also been reported (Tapera and
Nikoloski, 2016; Tapera et al., 2018; Tapera and Nikoloski, 2018). These deposited
Ag0 particles, behave as surface states which provide a path for charge carriers,
particularly holes, to hop or tunnel through the surface states. With enough surface
states, the semiconductor electrode surface becomes “metallised” (Pleskov, 1980). The
Ag0 deposited can therefore metallise the chalcopyrite surface resulting in improved
conductivity, allowing faster transfer of electrons to participate in reduction reactions
at the surface, such as reducing Fe3+ ions if they are present.
3.4.9

Conclusions

An investigation of the semiconducting behaviour of chalcopyrite was conducted by
measuring the capacitance of a chalcopyrite electrode surface at different scan
frequencies in the range 100 Hz to 10 kHz with two points per decade. The results
showed that the chalcopyrite exhibits similar behaviour at all frequencies and only
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results for the measurements at 1 kHz were subsequently reported in this thesis. MottSchottky plots at 25 °C at different solution pH revealed that two surface layers form
between 500 mV and 1000 mV. The first layer, which forms between 500 and 800 mV
is believed to be a metal-deficient sulfide, commonly referred to as Cu1-xFe1-yS2. The
second layer is believed to be a Cu polysulfide. There was good agreement between
the potentiodynamic polarisation curves and the Mott-Schottky plots. The presence of
Ag appears to cause the formation of only one surface layer rather than two surface
layers at 25 °C.
At 50 °C and 0.2 M acid solution, only one surface layer formed, at around 700 mV,
which is quite different from the observations made at 25 °C in a similar solution. The
introduction of Ag+ at 50 °C resulted in the apparent formation of successive layers
which exhibited a variety of semiconductor properties. The present study identified the
formation of 3 different surface phases. When the chalcopyrite electrode was allowed
to rest in Ag-containing solutions for an extended period of time (24 hours) before a
potential was applied, the semiconductor behaviour was not significantly different to
what was observed at shorter residence times (20 minutes).
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Chapter 4. The role of metallic
silver on chalcopyrite leaching
The objectives of this chapter are:
•

To describe the formation of metallic silver on silver sulfide surfaces.

•

To describe the synthesis of metallic silver in the form of silver nanoparticles.

•

To synthesise and characterise silver nanoparticles.

•

To study the electrochemical behaviour of chalcopyrite in sulfate solutions in
the presence metallic silver.
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4.1 Introduction
The catalytic benefits of silver on chalcopyrite leaching are well known. The catalytic
effects of silver have been discussed in Section 1.7.2 (Literature review). However,
there is presently no complete understanding of the mechanism of silver catalysis
during chalcopyrite leaching. It was previously reported that the chalcopyrite leaching
rate is independent of the initial size of the particles (Miller et al., 1981). It was
proposed that the intermediate electrochemical reaction represented by Equation (106)
occurring at individual crystallites of Ag2S controls the leaching rate;
Ag # S + 2Fe,$ → 2Ag $ + 2Fe#$ + S 1

(106)

The Ag2S crystallites were believed to behave as short-circuited microelectrodes,
allowing for the discharge of Fe3+ with the accompanying release of Ag+ (Miller et al.,
1981). As such, the leaching rate is independent of the external area of the particles
but rather depends on the internal area of the Ag2S crystallites (Miller et al., 1981).
The reaction represented by Equation (106) is sensitive to the concentration of Fe2+
ions. One of the possible reasons why the process is sensitive to the Fe2+ concentration
is that the back reactions may become more significant. The Ag+ is believed to act as
a transfer agent, while the Ag2S is constantly regenerated (Miller et al., 1981).
In the present study, it is believed that metallic silver (Ag0) also plays a very important
role during the silver-catalysed leaching of chalcopyrite. The present study intends to
investigate the formation of metallic silver during chalcopyrite leaching and establish
the role of this Ag0 on the leaching process. There are several ways by which Ag0 is
believed to form on the surface.
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4.1.1

The formation of metallic silver on silver sulfide surfaces

Silver sulfide (Ag2S) is commonly believed to form on the chalcopyrite surface during
the silver catalysed leaching of chalcopyrite. Silver sulfide can exist as one of two
polymorphs. These polymorphs are the monoclinic form (acanthite) which occurs at
low temperatures and the high temperature cubic polymorph (argentite) which
crystallises above the transition point of 177 °C (Frueh, 1958; Allen and Moore, 1959).
As previously discussed in Section 1.7.2 (Literature review), acanthite (β-Ag2S) has
inferior conductivity compared to argentite (α-Ag2S) (Hebb, 1952).
It has been reported that Ag0 can crystallise on the surface of Ag2S (Graedel, 1992).
Ag0 whiskers were observed to grow outwards from an Ag2S surface under the right
conditions (Chudnovsky et al., 2001). Courtney (1957) reported the growth of silver
whiskers and “ferns” over 1000 µm long and 0.4 to 1.5 µm thick from chemical
reduction of Ag+ with Fe2+ from aqueous perchlorate solution. The reaction for the
process was given as shown in Equation (107).
Ag $ + Fe#$ = Ag 1 + Fe,$

(107)

It was observed that under the test conditions applied, polyhedral silver metal particles
formed over several hours (Courtney, 1957). Dendrites were found to grow when the
reacting temperature was raised to 50 °C but not at ambient temperature. It is important
to recall that the present study is using the Fe3+/Fe2+ redox couple in the sulfate system.
Therefore, the presence of Fe2+ ions in the solution is highly likely and reaction (107)
cannot be ruled out.
Some studies have suggested that Ag2S will form on metallic Ag surfaces in contact
with H2S. The reaction between the metallic Ag surfaces and H2S reportedly occur
even in minor concentrations (less than 1ppm) of H2S (Chudnovsky et al., 2001;
Graedel, 1992). Interestingly, H2S has been reported to form as the soluble sulfur
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species during the dissolution of chalcopyrite (Lazaro and Nicol, 2005). Therefore, if
H2S forms during chalcopyrite leaching, it is therefore possible that any metallic Ag
which forms on the chalcopyrite surface quickly forms Ag2S due to the reaction with
H2S. Silver surfaces in contact with H2S form a layer of Ag2S which grows over time.
The growth of the Ag2S layer is linear over time.
When a sufficiently thick Ag2S layer forms and the temperature is high enough, thin
filaments of Ag0 (whiskers) begin to grow in certain areas on the surface (Chudnovsky
et al., 2001). The whiskers are composed of Ag and very small amounts of S; such
whiskers have a lower S content than there is in Ag2S (Chudnovsky et al., 2001). The
silver whiskers can also grow even at room temperature (Chudnovsky et al., 2001).
According to the predominance area for silver on the potential-pH diagram (Figure 16
– Literature review), thermodynamically Ag0 can be formed from Ag2S by either
reduction or by oxidation (Warren et al., 1984). Silver whiskers are very conductive
(Chudnovsky et al., 2001).
It is possible that both Ag2S and Ag0 can be present on the chalcopyrite surface during
the silver-catalysed leaching process. This study aims to demonstrate the formation of
metallic Ag and its influence on the leaching of chalcopyrite.
4.1.2

The synthesis of metallic silver nanoparticles

It may be possible to create conditions which influence and enhance the formation of
Ag0 particles on the mineral surface. This can be achieved by the reduction of the Ag+
ions to Ag0 using suitable reducing agents such as ethylene glycol (EG). EG is usually
used as a reducing agent for silver ions (Wiley et al., 2005; Sun and Xia 2002; Xia et
al.; 2003) and has been used successfully to produce silver nanoparticles that have
found application in many different fields (Khodashenas and Ghorbani, 2015). It has
been reported that metal nanoparticles can play important roles in many different areas
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including in catalysis (Sun and Xia, 2002). The morphology as well as the shape of the
silver product from this polymer mediated polyol process depends on several
conditions such as temperature and concentration of the precursor Ag salt. Silver
nanowires were reported to form when the initial concentration of AgNO3 was less
than 0.1 M (Sun and Xia, 2002).
By itself, EG has been reported to improve the leaching of chalcopyrite in acidified
ferric sulfate media (Solis-Marcial and Lapidus, 2013; Misra and Fuerstenau, 2003).
Improved chalcopyrite leaching was also observed in a hydrogen peroxide-glycol
leaching system in the presence of EG (Mahajan et al., 2007). The improved
chalcopyrite leaching in the presence of EG is believed to be possibly due to the ability
of EG to stabilise Cu as Cu+ (Barrera-Mendoza and Lapidus, 2015). The apparent
advantage of this is that the Cu2+/Cu+ couple is more reactive than the Fe3+/Fe2+
(Carneiro and Leao, 2007). However, under the oxidising leaching conditions that are
normally used in practical heap leaching operations, the stability of the Cu+ is unlikely
(Carneiro and Leao, 2007) due to the oxidation of the Cu+ ions by ferric ions as shown
in Equation (108).
Fe,$ + Cu$ = Fe#$ + Cu#$

ΔE 1 = 0.1 V

(108)

The reduction of silver ions by EG occurs through the oxidation of the hydroxyl groups
of EG to aldehyde groups (Popa et al., 2007). This reduction process can be shown in
Equations (109) and (110).
2HOCH# CH# OH → 2CH, CHO+2H# O

(109)

2AgNO, + 2CH, CHO → CH, CO − OCCH, + 2Ag + 2HNO,

(110)
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It has been reported that short chain polymers like EG require the addition of a
stabiliser such as polyvinyl pyrrolidone (PVP) to stabilise the Ag nanoparticles (Popa,
et al. 2007). There are several reducing agents that could potentially be used to reduce
silver ions such as hydrazine, sodium borohydride and dimethylformamide (DMF).
However, in comparison with other potential reducing agents that could also be used
to produce metal nanoparticles, EG is more environmentally safe (Luo et al., 2005). In
the synthesis of the silver nanoparticles from silver nitrate using the long chain
polymer, polyethylene glycol (PEG), it was discovered that heating to 30 °C resulted
in isolated colloidal nanoparticles which were almost spherical with diameters of a few
nanometers (Popa et al., 2007). When the temperature was increased to 60 °C, the
particles became bigger but were still individual monodispersed particles (Popa et al.,
2007). However, as the temperature was raised to 90 °C, the particles became even
bigger but they also formed aggregates (Popa et al., 2007). Other shapes like triangles
were also observed to form. At 120 °C, the particles formed were a mixture of spheres,
triangles, pentagons and some were as large as a few hundred nanometers.
Alternative novel methods for the synthesis of silver nanoparticles have been described
in the literature (Stopic et al., 2006). In this method, silver nitrate precursor solutions
were used in a process referred to as ultrasonic spray pyrolysis (USP). Using this
method silver nitrate solution aerosols were reduced in a hydrogen environment at
temperatures ranging from 150 °C to 1000 °C with the production of dense, spherical
particles at the higher temperatures.
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4.2 Results
4.2.1

Preparation of Ag nanoparticles

A small batch of Ag particles was prepared by the so-called polyol method to
demonstrate the role of EG in the reduction of Ag to form metallic Ag. The particles
were prepared as described in Section 2.8 (Materials and Methods). As soon as the
AgNO3 and PVP solutions were added to the EG in the reactor, the mixture turned
black. It was then observed that with time, the black colour cleared and a yellowish
colour became apparent. The yellow colour is indicative of the formation of AgNPs
(Wiley et al., 2004).
4.2.1.1

XRD results of Ag nanoparticles

The XRD results for the synthesised Ag particles prepared by the method referred to
in Section 4.2.1 are as given in Figure 51. The XRD pattern was matched to the ICDD
database (PDF 00-004-0783) and it is confirmed that the Ag nanoparticles were
formed. As shown in Figure 51, there was good agreement of the prepared Ag particles
with the database. The synthesized sample was made up of crystalline particles that
exhibited (111), (200), (220) and (311) facets. It was observed that the (111) facets is
the dominant facet in the prepared sample that is similar to what was obtained in other
studies where AgNPs were synthesized (Sun and Xia, 2002).
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Figure 51. XRD of the synthesized Ag particles. The XRD pattern was matched with the ICDD
database (PDF 00-004-0783).

The synthesised Ag product was studied by scanning electron microscopy (SEM) to
determine the morphology of the products formed. Under the conditions used, the
synthesized particles were found to be composed mainly of Ag rods. The formed rods
had varying lengths ranging from under 1 µm to as high as 20 µm. In addition to these
rods, there were also many other smaller, mono-disperse particles. The SEM/EDS
results for the synthesized particles will be presented in Chapter 5.
4.2.2

The variation of chalcopyrite OCP in the presence of Ag and EG

The electrochemical behaviour of the chalcopyrite surface in solutions containing both
Ag and EG was investigated by the techniques which were previously used to
investigate the chalcopyrite behaviour in the presence of Ag (Chapter 3). The
techniques include OCP measurements, cyclic voltammetry and potentiodynamic
polarisation. The baseline solution used in the OCP tests contained 0.2 M H2SO4 and
5 g/L Fe3+. Additives such as Ag and ethylene glycol were added as required to give
the compositions shown in Table 18. Before Ag or EG was added to the base solution,
the base solution was raised to the required temperature. These additives were added
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only after the temperature of the base solution in the electrochemical cell had
stabilised. In all the tests the electrode was rotated at 300 rpm. The chalcopyrite
electrode was prepared for each test as previously described in Section 2.3 (Materials
and Methods).
Table 18. Composition of solutions used for the OCP tests

Test

Solution composition

1% EG (v/v) + 100 ppm Ag+

0.2 M H2SO4; 5 g/L Fe3+; 100 ppm Ag+; 1% EG
(v/v)

100 ppm Ag+

0.2 M H2SO4; 5 g/L Fe3+; 100 ppm Ag+

1% EG

0.2 M H2SO4; 5 g/L Fe3+; 1% EG (v/v)

Control

0.2 M H2SO4; 5 g/L Fe3+

4.2.2.1

The variation of chalcopyrite OCP in the presence of additives at 30 °C

The first set of OCP measurements to investigate the effect of Ag+ and EG was carried
out at 30 °C. Figure 52 shows the OCP measurements at 30 °C in the different solutions
given in Table 18.

Figure 52. The OCP of a chalcopyrite electrode measured in 0.2 M H2SO4; 5 g/L Fe3+ and in the
presence of different additives solutions at 30 °C.

It is observed in Figure 52 that at 30 °C, there is a significant difference in the OCP
measured in the presence of Ag (red and blue line) compared to when Ag is absent

247

(purple and green line). The wide gap in OCP measured in the presence and absence
of Ag suggests a significant difference in the relative chalcopyrite leaching rates.
The OCP is highest in the presence of both Ag+ and EG, especially in the early stages.
It is followed by the chalcopyrite OCP in the presence of Ag. Towards the end of the
tests, the curves of the two curves appear to converge to a common value, around 705
mV. When the potential is the same, the relative dissolution rates at are similar. In the
presence of both Ag+ and EG, the OCP reaches a peak value of over 720 mV within
the first hour. This value is maintained for about 2 hours before a slow and steady
decline of the OCP is observed. The steady decline continues until the end of the test.
The decline in OCP is indicative of a decline in the dissolution current density and
hence, a drop in the rate of dissolution.
In the presence of only Ag+, the OCP does not vary much for the duration of the test.
The OCP remains relatively steady at around 705 mV. The fact that the OCP does not
change significantly for the duration of the test suggests a dissolution rate that is almost
constant. This could be due to a rapidly formed layer of Ag2S on the surface (Parker
et al., 2003; Ghahremaninezhad et al., 2015), whose composition does not change
throughout the test. In the first few minutes however, a slight drop in OCP is observed
as equilibrium is being established. This is probably the time during which the Ag2S
layer was forming. This drop in OCP does not last long as the OCP rises to achieve a
steady value after one hour. The OCP in the presence of only Ag+ is lower than when
the Ag+ and EG are both present, indicating a lower dissolution rate. It appears
however, that towards the end of the test, the two Ag-catalysed tests have almost the
same OCPs and hence, similar dissolution rates. It is possible that the surface
composition becomes similar in the long term.
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In the presence of EG only at 30 °C, the highest OCP reached is 652 mV, which starts
to decline after about 4 hours. The lowest OCP at 30 °C was in the absence of any
additives (control test). For this test, the OCP was slightly lower than when EG was
present. However, the difference in the OCP for the control test and the EG test is not
very significant. The small difference between the two cases suggests that at 30 °C, the
EG does not significantly change the behaviour of the chalcopyrite surface. The EG
appears to have only a marginal effect on the leaching of chalcopyrite. However, EG
was reported to improve chalcopyrite leaching in other studies (Solis-Marcial and
Lapidus, 2013). However, in that study, strongly acidic solutions (2.5 M H2SO4)
compared to 0.2 M in the present investigations and higher ethylene glycol levels (21%
versus 1%).
4.2.2.2

The variation of chalcopyrite OCP in the presence of additives at 50 °C

The chalcopyrite behaviour in the solutions given in Table 18 was also investigated by
OCP measurements at 50 °C. The results are given in Figure 53.
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Figure 53. The OCP of a chalcopyrite electrode measured in 0.2 M H2SO4; 5 g/L Fe3+ and in the
presence of different additives solutions at 50 °C

In Figure 53, the highest OCP was obtained in the presence of both Ag+ and EG. This
observation is the same as the observation made at 30 °C (Figure 52). This high OCP
in the presence of Ag+ and EG compared to the other tests indicates that the
chalcopyrite leaching rates are highest in the presence of both Ag+ ions and EG than
in all the other tests. Figure 53 also shows that in the presence of Ag+ and EG, there is
initially a rapid rise in the OCP in the first hour to reach a peak value of 716 mV. This
indicates a rapid increase in the chalcopyrite dissolution rates in the early stages of the
test. This is followed by a steady drop in OCP until a steady value of around 700 mV
is reached after about 8 hours. This means that the dissolution rate drops from the peak
value to a steady dissolution rate after 8 hours. The OCP remains relatively steady
from around 8 hours until the end of the test. There is a difference of about 16 mV
between the peak value and the final OCP value. This difference is related to the
difference in the leaching rate between the peak rate and the final leaching rate.
In the presence of only Ag+, the peak OCP value was lower than obtained in the
presence of both Ag+ and EG. In this case, the peak value was just under 700 mV.
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Following this peak potential, the OCP declined steadily. At the end of the test, the
OCP had dropped to 660 mV. Therefore, there was a difference of 40 mV between the
peak OCP and the final OCP. This is a larger difference than that obtained in the
presence of Ag+ and EG. The large difference suggests a larger drop in the dissolution
rates from the peak dissolution rate to the final dissolution rate. This could be
indicative of greater passivation effects in the presence of Ag+ only than in the
presence of both Ag+ and EG.
In the control test the OCP was 640 mV at the start of the test. The OCP then increased
slightly, to a maximum value of 650 mV. Thereafter, the OCP did not vary much from
this value for the duration of the test although there was a slight decline in the OCP to
about 644 mV. With about 15 minutes left before the end of the test, the rotation speed
was changed from 300 to 1200 rpm and this is indicated by the rise in the OCP just
before the end of the test. The rise in the OCP with an increase in the rotation speed is
an indication of a mass transfer-controlled process. Therefore, the leaching of
chalcopyrite under the control conditions indicates that it is a mass transfer-controlled
process. The general decline in the OCP also indicates that the surface transforms with
time and becomes more passivated with time. The low OCP means that the dissolution
rates in the absence of Ag are lower than when Ag is present, which is as expected.
The lack of change in the OCP also indicates that the passivating surface phase forms
early in the test and remains on the surface throughout the course of the test.
The lowest OCP in Figure 53 is obtained in the presence of only EG. The peak OCP
in this case was 634 mV, which was attained within the first hour. Following the peak,
the OCP falls without showing signs of stabilising. The lowest OCP recorded is around
597 mV obtained at about 20 hours. The OCP in the presence of EG is low compared
to the OCP in the other three tests. This suggests that on its own, EG appears to have
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a negative effect on the dissolution rates at 50 °C. At about 22.5 hours, the rotation
speed of the electrode was stepped up from 300 rpm to 1200 rpm and this is reflected
by the jump in the OCP at this point of the test. The step increase in the OCP on
increasing the rotation speed is a sign that the diffusion plays a role in the dissolution
process.
4.2.2.3

The variation of chalcopyrite OCP in the presence of additives at 65 °C

The chalcopyrite behaviour was also investigated in different solutions by OCP
measurements at 65 °C and the results are given in Figure 54. The solution
compositions given in Table 18 were used for these OCP tests.

Figure 54. The OCP of a chalcopyrite electrode measured in 0.2 M H2SO4; 5 g/L Fe3+ and in the
presence of different additives solutions at 65 °C.

As observed previously at 30 °C and 50 °C, the OCP was highest in the presence of
both EG and Ag+. In the presence of both Ag+ and EG, the OCP initially rises quite
rapidly to reach a peak value of around 715 mV. The rapid increase in OCP suggests
that the dissolution of chalcopyrite is occurring at an increasing rate. This initial
increase is then followed by a steady decline in OCP to around 16 hours. The decline
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suggests a drop in the dissolution rates. After 16 hours, there is a slight increase in
OCP values. The slight increase suggests a slight reactivation of the surface.
In the presence of Ag+ only, a drop in the OCP is observed from the onset to the end
of the test. The OCP drops from the initial 700 mV to about 630 mV after 24 hours. It
is observed that in the presence of Ag+, the OCP drop is more pronounced at 65 °C
than at 50 °C. The greater drop in the OCP suggests a greater drop in dissolution rates.
This probably means that there is greater passivation at 65 °C than at 50 °C in the
presence of Ag+ only.
The OCP in the presence of EG is higher than the OCP in the control test. Therefore,
at 65 °C, EG has a positive effect on the leaching of chalcopyrite. However, EG by
itself gives lower dissolution rates than Ag+. This means that although EG can improve
the leaching of chalcopyrite at 65 °C, the potential benefits are less significant than
using Ag+. Similarly, although Ag+ improves chalcopyrite dissolution, the potential
benefits can be increased by using Ag+ and EG together than individually.
4.2.2.4

The variation of chalcopyrite OCP in the presence of additives different
temperatures

It has been observed in the preceding paragraphs that the greatest increase in the OCP
is derived when both EG and Ag+ are present. The OCPs obtained in the presence of
both Ag+ and EG at the three temperatures tested are compared in Figure 55.
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Figure 55. OCP of a chalcopyrite electrode at different temperatures in the presence of 100 ppm
Ag+ and 1% EG (v/v).

In Figure 55, the OCP falls with an increase in the temperature. In all cases, the OCP
rises to a maximum value before it begins to drop. However, at 30 °C, the drop in OCP
is gradual, dropping from around 723 mV to around 708 mV. The OCP drop is also
gradual at 50 °C, where the OCP falls from a peak value of 716 mV to a final value of
700 mV at the end of the test. When the temperature increases to 65 °C, the OCP falls
very rapidly to about 665 mV after 16 hours. It begins to rise after about 2 hours. These
results presented in Figure 55 indicate that an increase in the temperature causes the
surface to become less reactive, possible because the surface becomes more passivated
as the temperature is increased. It is possible that the temperature increase promotes
certain reactions which inhibit the chalcopyrite dissolution process. Examples of such
reactions include jarosite formation, which is more favourable at higher temperatures
than at lower temperatures (Brown, 1970). One negative effect of jarosite formation is
the sequestration of Ag through the formation of argentojarosite (Cordoba et al., 2008).
The removal of Ag means that there will be less Ag available for the catalysis.
However, as practical heap leaching operations are carried out at relatively high
temperatures, further tests will be conducted at 50 °C.
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4.2.3

Cyclic voltammetry in Ag and EG

Cyclic voltammetry was also used to study the reactions taking place on the
chalcopyrite electrode surface in the presence of both Ag+ and EG at 50 °C. Previously,
cyclic voltammetry was used to study the surface reactions in the presence of Ag+ only
(Section 3.2.5 (Electrochemistry). The cyclic voltammogram generated in the presence
of both Ag+ and EG at 50 °C is presented in Figure 56.

Figure 56. The cyclic voltammogram for chalcopyrite electrode in a solution containing 0.2 M
H2SO4, 5 g/L Fe3+ and 100 ppm Ag+ as well as 1% (v/v) ethylene glycol at 50 °C. The scanning
was initiated at OCP in the positive direction initially. Potential was reversed at +500 mV (vs
OCP) towards the negative direction up to a limit of -500 mV (vs OCP). Scan rate = 50 mV/s.

In Figure 56, there are two main anodic peaks, A1 and A3. Peak A1 is present in both
the first and second scan. This peak corresponds to the oxidation of intermediate
sulfides which are present on the surface in both the first and second scan. As
previously observed in Section 3.2.5 (Electrochemistry), the peak labelled as A3 is
present in the first scan but is absent in the second scan. This peak most likely
represents the oxidation of a silver-containing phase such as Ag2S which forms during
the time that the electrode was resting in the solution. Therefore, during the second
scan, there is no such Ag2S phase as there was no sufficient time for it to form during
the second scan. It is also observed that there are two new peaks reversible peaks
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labelled as C and C´ which are at around 550 mV to 600 mV. To see the new peaks
clearly, a reduced-scale section of the cyclic voltammogram is shown in Figure 57.

Figure 57. Cyclic voltammogram showing the presence of Ag reverse peaks when a chalcopyrite
electrode was scanned in a solution containing 0.2 M H2SO4, 5 g/L Fe3+ and 100 ppm Ag+ as well
as 1% (v/v) ethylene glycol. The scanning was initiated at OCP (labelled O) in the positive
direction initially. Potential was reversed at +500 mV (vs OCP) towards the negative direction
up to a limit of -500 mV (vs OCP). Scan rate = 50 mV/s.

The reversible peaks C and C´ are believed to represent the reaction shown in Equation
(111). This agrees with earlier reports from the literature (Munoz et al., 1998).
Ag → Ag $ + e(

(111)

It has been reported that when chalcopyrite is rested in a solution containing Ag+, there
is deposition of metallic Ag on the surface according to Equation (112) (Munoz et al.,
1998) as predicted from the Pourbaix diagram shown in Figure 16.
CuFeS# + 4Ag $ → Cu#$ + Fe#$ + 4Ag 1 + 2S 1

(112)

The cyclic voltammograms (Figure 56 and Figure 57) reveal that in the presence of
both Ag+ and EG, there is deposition of Ag0 on the chalcopyrite surface. Also, given
that the highest OCPs were obtained in the presence of both Ag+ and EG, it suggests
that the presence of Ag0 on the surface is the reason why high OCPs were obtained. In
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other words, the presence of Ag0 on the chalcopyrite surface could result in greater
chalcopyrite leaching than if the Ag phase present on the surface is entirely Ag2S.
4.2.4

Anodic polarisation in the presence of Ag+ and EG

The chalcopyrite behaviour during anodic polarisation between 415 mV and 1015 mV
in 0.2 M H2SO4 was discussed in Section 3.3.1 (Electrochemistry). Similar anodic
polarisation tests were carried out to investigate how differently the chalcopyrite
electrode behaves in the presence of both Ag+ and EG. The test conditions used in the
anodic polarisation test are given in Table 19. The ‘rest time’ refers to the time that
that the electrode was sitting in the solution before there was application of potential
to polarise the electrode.
Table 19. Test conditions for anodic polarisations at 50 °C.

Test

Solution composition

Rest time
(min)

Acid, Ag, (0 min)

0.2 M H2SO4; 5 g/L Fe3+; 100 ppm Ag+

Acid, Ag, EG (0 0.2 M H2SO4; 5 g/L Fe3+; 100 ppm Ag+; 1%
min)

30

EG (v/v)

Acid, Ag, EG (120 0.2 M H2SO4; 5 g/L Fe3+; 100 ppm Ag+; 1%
min)

15

EG (v/v)

Acid, Ag, EG (30 0.2 M H2SO4; 5 g/L Fe3+; 100 ppm Ag+; 1%
min)

0

EG (v/v)

Acid, Ag, EG (15 0.2 M H2SO4; 5 g/L Fe3+; 100 ppm Ag+; 1%
min)

0

120

EG (v/v)

The results for the anodic polarisation tests are given in Figure 58. One feature that is
apparent in Figure 58 is the presence of anodic peaks at potentials between 500 and
600 mV for all tests (Figure 58– inset). When the polarisation is done with no resting
period, the anodic peak is composed of two peaks which are very close together as
shown by Figure 58(inset). This pair of peaks is observed for the two cases where there
is no resting period. These cases are:
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a) polarisation in the presence of Ag+ and
b) polarisation in the presence of both Ag+ and EG.
The double peaks are observed only when there is no resting period. When there is a
resting period, there are no double peaks. The presence of a pair of peaks suggests that
there are two different Ag phases. These are most likely Ag0 and Ag2S.
With a resting time of 15 minutes in the presence of both Ag+ and EG, the two peaks
which were observed in the tests with no resting period appear to coalesce, forming a
single peak (green line). The peak has a visible shoulder on the left side, suggesting
the coalescence of the two peaks. It seems likely that there is one Ag phase which is
becoming more dominant as the resting time is increased. The dominance of this phase
is shifting the peak towards more positive potentials meaning that this phase becomes
increasingly more difficult to oxidise as it requires higher overpotentials for its
oxidation. Increasing the resting time to 30 minutes and 120 minutes shows only a
single, non-symmetrical peak. It is evident that now only one Ag phase is dominant,
and this phase has also shifted the peak potential to significantly more positive
potentials.
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Figure 58. Anodic polarisation of chalcopyrite in 0.2 M H2SO4 in the presence of Ag+ or Ag+
with EG. The chalcopyrite electrode was rested in the electrolyte for different lengths of time
before polarisation was done. The scan was initiated at 415 mV up to 1015 mV at 20mV/s,
temperature = 50 °C.

A distinct oxidation peak starting at around 800 mV is also observed for the two cases
where there was no induction period (Figure 58). The peak potential occurs at round
950 mV. Previous studies have attributed such as peak to be due to the dissolution of
an Ag2S film on the sulfide surface (Munoz et al., 2008). Therefore it is concluded that
Ag2S forms quite rapidly on the chalcopyrite surface because the Ag2S peak is
observed even for the tests which had no resting period. In such cases, it means that
the Ag2S was probably formed during the short setup periods. The amount of Ag2S
formed in the two cases with no resting period appears similar because the magnitude
of the current density is similar.
When there is an induction period, the oxidation peak for Ag2S is significantly
diminished. This indicates that there is significantly reduced amounts of Ag2S as the
resting time increases in the presence of Ag and EG. A comparison of this oxidation
peak in Section 3.2.5 (Electrochemistry) and Figure 58 also indicates higher current
densities in the presence of Ag with no resting period (Figure 58) compared to when
there is only acid Section 3.2.5 (Electrochemistry). This suggests that the intermediate
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phase which forms in the presence of Ag is not as passivating as the one which forms
in the absence of Ag. The surface phases formed with no induction period both in the
presence of Ag only and in the presence of both Ag and EG could be similar.
When there is an induction period, the chalcopyrite oxidation peak is shifted to more
positive potentials. The peak current density for the anodic peak decreases with an
increase in the induction time. This might indicate that significant amounts of
chalcopyrite at the surface may have dissolved in the presence of Ag, even during the
induction period. As such, there are no significant amounts of intermediate phases to
be formed because most of the chalcopyrite has already dissolved, even during the
resting period. There also appears to be more chalcopyrite dissolving as the induction
period is increased. Therefore, one of the key findings derived from Figure 58 is that
when Ag and EG are both present in solution and there is an induction period before
actual scans are carried out, the quantity of Ag2S is significantly reduced.
4.2.4.1

Anodic polarisation after 24 hours resting period

It has been observed in the preceding paragraphs that the chalcopyrite surface changes
quite significantly depending on how long the electrode sits in the test solutions before
the actual scans are done. To test the surface behaviour after even longer resting
periods, a chalcopyrite electrode was rested in a solution containing Ag+ and EG at
50 °C for 24 hours and Figure 59 shows the results generated.
When the electrode is rested in the solution for 24 hours, the behaviour has changed
drastically. There is a single oxidation peak for the Ag phase (Figure 59 – inset) that
is registered at around 564 mV. This means that only one Ag phase is present on the
surface.
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Figure 59. Anodic polarisation of chalcopyrite in 0.2 M H2SO4 in the presence of Ag+ and EG.
The chalcopyrite electrode was rested in the electrolyte for 24 hours before polarisation was
done. The scan was initiated at 415 mV up to 1015 mV at 20mV/s. temperature = 50 °C.

It is also observed that with a longer resting period, the second oxidation peak occurs
at a lower potential than the anodic polarisations shown in Figure 58. The peak
potential is now around 820 mV. This peak is due to the oxidation of the surface
product after chalcopyrite dissolution during the 24 hours that the chalcopyrite was in
contact with the electrolyte. According to Section 3.3.1 (Electrochemistry), the
oxidation of the chalcopyrite intermediate phase was taking place at potentials of 875
mV. In contrast, after resting the electrode for 24 hours in the electrolyte (Figure 59),
it appears that chalcopyrite surface has been completely transformed to produce a
completely new phase that is oxidised at a lower potential of 819 mV. This means that
after 24 hours, there is a phase on the surface that is more easily oxidised. This phase
requires lower overpotentials to be oxidised.

4.3 Discussion
It was established that in the presence of both Ag+ ions and EG, the OCP decreased
with an increase in temperature. This trend suggests that higher dissolution rates over
a 24-hour leaching period are obtained at the lower temperatures compared to high
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temperatures. This could be because the composition of the surface film formed varies
with a change in temperature as noted in previous studies (Blazquez et al., 1999). In
silver-catalysed bioleaching studies, Blazquez et al. (1999) reported that better
leaching at occurred at 35 °C than at 68 °C. It was noted that a catalytic effect of Ag
was observed at 35 °C but no catalysis was observed at 68 °C (Blazquez et al., 1999).
This was explained as being due to the formation of a homogeneous silver-rich layer
that was 5 times thicker than the layer formed at the lower temperature of 35 °C. In
that study, it was believed that the thick silver-rich layer had a negative effect on
chalcopyrite leaching. Therefore, at the higher temperature of 68 °C, the diffusion
layer prevented the migration of Ag (Blazquez et al., 1999). The optimum temperature
for silver catalysed chalcopyrite dissolution has been suggested to be 30 - 40 °C
(Munoz et al., 2007b). The results from the present study seem to agree with this view.
The presence of oxidation peaks at 500 to 650 mV suggests that there are possibly two
phases that are being oxidised in this potential range. Similar oxidation peaks have
been attributed to be due to the oxidation of Ag phases such as Ag0 (Munoz et al.,
1998). It has been reported that when chalcopyrite is in contact with leach solutions
containing Ag for extended periods of time, a saturation of the surface with Ag+ and
SO#(
6 occurs (Munoz et al., 1998). The process can be represented as shown by
Equation (113)
Ag $ + SO#(
6 → Ag # SO6

(113)

In the present study, it has been observed that when a chalcopyrite electrode is
polarised with no induction time, the two likely phases present on the surface are Ag2S
and Ag0. When the resting time is increased to 15 minutes it is possible that there is
sufficient time for the EG to reduce Ag+ ions to Ag0. As a result, the Ag0 peak becomes
the dominant peak, with the Ag2S peak forming the shoulder peak. As the resting time
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increases to 30 minutes and 120 minutes, the Ag0 becomes the more significant Ag
phase on the electrode surface. The longer resting times have provided sufficient time
for Ag0 to form in significant amounts.
As the induction period increases, the oxidation peak is shifted to more positive
potentials. The shift in the oxidation peak to more positive potentials could be due to
the growth silver nanoparticles (AgNPs). The size of the AgNPs present on the surface
with increases with time. The growth of AgNPs is accompanied by a change in the
electrochemical properties of the Ag particles (Pradhan et al., 2002; Jana et al., 1999).
It has also been reported that the properties of metals change when the particle size is
in the nanoscale range (Henglein, 1989). For instance, Ag has a reduction potential of
1
$
790 mV (SHE) for Ag $
(;<) /Ag ‹FY;p compared with ─1800 mV (SHE) for Ag (;<) /

Ag 1;Y=‹ (Henglein, 1989). The potential becomes more positive as the particles grow
until it becomes equivalent to the potential of the bulk metal (Jana et al., 1999). For
the reasons explained above, it is reasonable to believe that the change in the peak
potential for the Ag phase in Figure 58 is due to the change in the electrochemical
properties of the metallic Ag on the surface due to the growth of the AgNPs.
It has also been reported that as they grow, AgNPs can participate in reactions where
there is electron transfer through the particles at the particle-solution interface (Jana et
al., 1999). Such particles have been described to act electron relays (Pradhan et al.,
2002). As agglomeration of the Ag atoms to form the AgNPs, the clusters of AgNPs
behave as a growing microelectrode (Henglein, 1989). A certain size of AgNPs is
required for optimum catalysis, as at that point, the critical potential would have been
achieved (Henglein, 1989). It has also been reported that growing Ag particles are
better catalysts than stable colloidal particles (Jana et al., 1999). In the present study,
the change in behaviour when the electrode is subjected to different resting times
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suggests that the Ag0 present on the chalcopyrite surface has different electrochemical
properties depending on the time that the electrode was rested in the solution for.

4.4 Conclusions
The synthesis of AgNPs was demonstrated. XRD analysis confirmed the synthesized
products to be crystalline Ag particles. These Ag particles were analysed by SEM and
the SEM results will be presented in Chapter 5. The behaviour of a chalcopyrite surface
was studied by electrochemical techniques that include OCP measurements, cyclic
voltammetry and anodic polarisation. When the OCP of the chalcopyrite surface is
monitored in acid solutions containing both Ag+ and EG, it was found that there
appears to be a synergy which exists between Ag+ and EG. It was established that the
combination of Ag+ and EG gave the highest OCP values at all the temperatures tested.
When each of Ag+ and EG were present in the solution individually, the OCPs obtained
were lower than when both were present. The presence of EG individually has been
observed to have a negative effect on the chalcopyrite OCP at 50 °C.
A comparison of the OCP measured at different temperatures in the presence of both
Ag+ and EG has shown that the OCP decreases with an increase in temperature. Cyclic
voltammetry has shown the presence of reversible peaks which are believed to be
redox reaction of Ag phases. The detection of Ag0 in the potential range 550 to 600
mV is an indication that Ag0 can be precipitated on the chalcopyrite surface under the
right conditions.
The presence of Ag0 was also confirmed by anodic polarisation. When measurements
were done without a resting period, there are two Ag phases on the chalcopyrite
surface. As the resting time is increased, it has been observed that only one Ag phase
remains on the surface. The anodic peak is also shifted towards more positive
potentials as the resting time of the chalcopyrite electrode in the solution increased.
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Chapter 5. Chalcopyrite surface
transformations
The objectives of this chapter are:
•

To use the microscopic techniques to study the transformation of chalcopyrite
when leached in various sulfate solutions. The microscopic techniques include
optical microscopy, scanning electron microscopy and transmission electron
microscopy.

•

To study the chalcopyrite transformations by x-ray photoelectron microscopy
(XPS).

•

To study the leaching of chalcopyrite in-situ by synchrotron powder
diffraction.

•

To use the surface analysis results to explain the chalcopyrite leaching
mechanisms.
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5.1 Introduction
The study of the chalcopyrite surface to better understand the behaviour during
leaching is of the essence as highlighted in Chapter 1 (Section 1.5.1). It has been
established that surface analysis techniques should be used to provide more
information on the changes taking place on the chalcopyrite surface before, during and
after treatment in different solutions. Such surface analysis studies make it possible to
understand the pathway taken by chalcopyrite during leaching under different
conditions. In the current study, several surface analysis techniques were applied to
better understand the leaching mechanism of chalcopyrite under different conditions.
The results of these surface analysis studies will be presented and discussed in this
chapter.

5.2 Surface analysis by optical microscopy
All the electrochemistry tests in this study were conducted using polished chalcopyrite
electrodes. In some tests, the chalcopyrite electrodes were studied on an optical
microscope. Figure 60 shows the appearance of a freshly polished chalcopyrite
electrode before any chemical treatment when viewed on an optical microscope. Such
an electrode was polished as described in Chapter 2 (Section 2.3). This image for a
freshly polished chalcopyrite electrode surface will be used for comparison with other
images captured after various electrochemical treatments.
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Figure 60. The typical appearance of chalcopyrite surface before any electrochemical treatment
was performed on the electrode.

Various electrochemical treatments were applied to the chalcopyrite electrodes. These
electrochemical treatments were discussed in Chapter 3 and Chapter 4. The surface of
the chalcopyrite electrode after some these electrochemical treatments was studied on
the optical microscope and some results of such studies are discussed in the Section
5.2.1 and 5.2.2.
5.2.1

Electrode surface after OCP treatment in solution with 10 mM Ag+

The OCP of the polished chalcopyrite electrode was measured in various solutions
over 24 hours. In these tests, it was observed that tests conducted in Ag-containing
solutions showed obvious changes in the visual appearance of the electrodes. On the
other hand, electrodes tested in the absence of Ag did not show any obvious visual
changes. Because of this, results for tests conducted in Ag-containing solutions were
studied in greater detail. It was observed that when a chalcopyrite polished electrode
was treated in Ag-containing solutions, the surface changed from the brassy yellow
colour which is characteristic of chalcopyrite (as shown in Figure 60).
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After various treatments in Ag-containing solutions, the electrodes were transformed
from the brassy-yellow colour of chalcopyrite to produce a variety of colours
distributed randomly on the surface. One such example is shown in Figure 61(a) and
(b). These figures show the chalcopyrite electrode surface after being in contact with
a solution containing 0.1 M H2SO4, 5 g/L Fe3+ and 10 mM Ag+ at 65 °C. The electrode
was rotated at 300 rpm for 24 hours
Figure 61(a) and (b) show that there are several different intermediate surface products
formed during leaching of the chalcopyrite in 0.1 M H2SO4, 5 g/L Fe3+ and 10 mM
Ag+ at 65 °C. The different colours on the surface represent different intermediate
products. The observed colours were blue, pink and purple. All these colours are
common colours associated with the copper minerals such as chalcocite, covellite, and
bornite. Some of these copper minerals have been predicted to form when chalcopyrite
is oxidised and this has been represented in the Pourbaix diagram (Figure 6) (Garrels
and Christ, 1965). These minerals reportedly form due to the preferential leaching of
iron from the chalcopyrite structure, forming the bornite and covellite (Warren et al.,
1982; Acres et al., 2010; Majuste et al., 2012).

Figure 61. Optical image showing the surface of a chalcopyrite electrode after OCP treatment in
ferric sulfate solution containing 10 mM Ag+ at 65 °C with a rotation speed of 300 rpm.

When the chalcopyrite electrode is polished, different chalcopyrite grains will be
oriented randomly towards the surface. It can be inferred from Figure 61 that the same
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chalcopyrite surface has different grains undergoing different leaching at different
rates depending on the orientation of the individual grains. The different leaching rates
of these zones give rise to different intermediate products. This phenomenon of
different products on the same surface will be discussed in detail later (in Section
5.3.3.2).
5.2.2

Electrode surface after cyclic voltammetry

The formation of different intermediate products on the surface of chalcopyrite was
also observed when cyclic voltammetry was done on chalcopyrite electrodes in Agcontaining solutions, as shown in Figure 62 which clearly shows the presence of
different intermediate products on the electrode surface. As discussed in the Section
5.2.1, several different intermediate products are formed on the electrode surface
during leaching.

Figure 62. An optical micrograph showing the surface of a chalcopyrite electrode after cyclic
voltammetry treatment in 0.1 M H2SO4; 5 g/L Fe3+ and 5 mM Ag+ at 65 °C. Nitrogen was
bubbled for 30 minutes before the test and during the test. The image clearly shows different
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products on the same chalcopyrite surface. Scan rate = 5 mV/s. Scan limits 0.2 mV (SHE) to 1.2
V (SHE).

As mentioned previously, the surface changes were more visually apparent for tests
which were conducted in the Ag-containing solutions and in the absence of Ag, there
were no obvious changes to the electrode surface. The use of optical microscopy
managed to show that different intermediate products are formed on the chalcopyrite
electrode surface. However, there are limitations on the amount of information that
could be generated by this technique. For example, at this point, it is not possible to
name identify the intermediate products which form on the chalcopyrite surface during
leaching. Therefore, on its own optical microscopy was not sufficient for the
identification of the intermediate products. This therefore required the use of other
surface analysis techniques capable of identifying the intermediate phases.

5.3 Surface analysis by SEM/EDS
5.3.1

Introduction to SEM analysis

As discussed in Section 5.2.2, there are some limitations to the use of the optical
microscope for surface analysis. Some of these limitations include the inability of
optical microscopy to resolve the composition of the intermediate surface products.
Consequently, other techniques which are capable of overcoming some of these
limitations were applied in this study. One such technique which was used is Scanning
Electron Microscopy (SEM) analysis. One advantage of using SEM is that it can allow
the crystal morphology of minerals to be studied on a micro scale (Reed, 2005). Other
advantages of SEM analysis include easy sample preparation, the non-destructive
nature of the technique, low detection limits, short time per analysis as well as in-situ
analysis of grains (Reed, 2005).
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A brief introduction on the operating principles of the SEM will be presented in this
section. When a focussed beam of primary electrons is directed onto a solid sample,
the same electrons or different ones may emerge from the sample to generate an image
when they fall onto a detector (Goodhew et al., 2000). Some electrons are slowed down
due to their ‘inelastic’ interactions with the outer atomic electrons. Other electrons are
deflected ‘elastically’ such that they are deflected through angles greater than 90° and
are therefore dislodged from the surface. There is no detectable energy change when
elastic deflection takes place (Goodhew et al., 2000). The inelastic and elastic
interactions give rise to secondary electrons and backscatter electrons respectively
(Reed, 2005). Secondary electrons are produced abundantly and are the ones most
commonly used in scanning electron microscopy (Goodhew et al., 2000). The
interactions between the bombarding electron and the atomic nuclei result in the
emission of x-ray photons. The different beams of electrons and photons which are
generated in these interactions are given in Figure 63. Electrons which are released
from the sample as secondary electrons can be distinguished from the backscatter
electrons because they are characterised by low energy due to the inelastic collisions.
Only the electrons very close to the surface are able to escape as secondary electrons
due to the low energy possessed by secondary electrons (Reed, 2005).
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Figure 63. The different electrons and energy beams which may be detected when a primary
beam of high energy electrons hits a sample. S = secondary electrons; B = backscatter electrons;
D = diffracted electrons (After Goodhew et al., 2000).

Characteristic x-rays result from electronic transitions between inner energy levels due
to the creation of a vacancy by the ejection of an inner-shell electron (Reed, 2005).
This results in a higher energy electron losing energy to fill up the electronic vacancy
created due to the ejection of the inner electron. The energy lost by such electron is
emitted in the form of characteristic x-rays. These characteristic x-rays can be used for
the identification of the elements present in a sample by using Energy Dispersive
Spectroscopy (EDS). In the present study, SEM/EDS analysis was used to study the
surface of polished chalcopyrite electrodes. In addition to the study of the polished
electrodes, SEM/EDS was also applied to powdered samples.
5.3.2

Uneven leaching of a chalcopyrite electrode surface

It was previously indicated that a chalcopyrite electrode was treated electrochemically
in a 0.1 M H2SO4 solution containing 23.5 g/L Fe2(SO4)3. The electrochemical
treatment was described in Chapter 3 (Section 3.3.2) where the OCP was measured
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concurrently with linear polarisation resistance. At the end of the test period of 24
hours, the chalcopyrite electrode surface had what appeared to be hydrodynamic lines
as shown in Figure 43. Following the observation of these surface lines, the
chalcopyrite electrode was studied on the SEM to get a better understanding of the
morphology of the hydrodynamic lines described in Section 3.3.2. Figure 64 is an
SEM image of the hydrodynamic lines which were present on the surface.

Figure 64. Scanning electron image showing the surface of a chalcopyrite polished electrode
after linear polarisation resistance measurement and OCP measurement in 0.1 M H2SO4 and
23.5 g/L Fe2(SO4)3 solution. Temperature = 65 °C. Speed of rotation = 300 rpm. Scan rate =
5 mV/s. Instrument: JEOL JCM-6000PLUS SEM.

It is apparent from Figure 64 that under the conditions tested, chalcopyrite does not
get leach evenly. Although the black hydrodynamic lines on the electrode surface
represented the leached regions, it is also observed that within these leached regions,
there are zones which are more amenable to leaching compared to other zones which
appear to be more resistant to leaching. Figure 64 also indicates that the leached zones
have been leached in some kind of pattern with the formation of triangular pits. It is
observed that these patterns are widely distributed on the electrode. The abundance of
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the triangular patterns and their apparent regularity suggests that there are certain
mineral crystal planes which are favoured by leaching. On the other hand, the presence
of unleached zones in close proximity to the leached zones suggest that certain crystal
orientations expose crystal planes which are not favoured by leaching. The preferred
leaching of some zones over others could be attributed to the process similar to dealloying, where there is preferential removal of iron (Nicol et al., 2016).
Figure 65 is a higher resolution image of the leached chalcopyrite surface. It confirms
that the polished chalcopyrite surface has been leached unevenly. It is observed that
the chalcopyrite electrode appears to leach at varying rates, yielding different leaching
products on the same surface. The first zone is the unleached zone which appears as a
smooth surface. It is also observed in Figure 65 that the leached zones appear to be
slightly roughened. Finally, some zones were more extensively leached, giving rise to
some deep pits with a high sulfur content. The formation of elemental sulfur was
confirmed by EDS and this will be discussed shortly.
EDS analysis was used to determine the compositions of these zones. The EDS results
of such are presented in Figure 66.
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Figure 65. A high-resolution SEM image showing that a polished chalcopyrite surface has been
leached to different extents. Instrument: JEOL JCM-6000PLUS SEM.

Figure 66 shows the compositions of different zones on the surface of chalcopyrite
which were presented in Figure 64 and Figure 65. The EDS spectra from spots 1 and
2 indicate that those zones are still composed of Cu, Fe and S. Similar EDS spectra
were obtained for spots 6 and 7 and these are not shown. However, the EDS spectra
for the pitted zones (Spots 5 and 8) do not contain any Cu or Fe peaks, indicating that
Fe and Cu have been leached out, leaving behind an S product. Similar EDS spectra
were obtained for spots 3, 4, and 9 so these are not shown.
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Figure 66. SEM/EDS analysis of the corroded chalcopyrite surface showing the composition of
different zones. Some spectra have been omitted as they gave spectra that are similar to the
spectra shown above. Instrument: JEOL JCM-6000PLUS SEM

The SEM/EDS analysis has shown that under certain conditions during chalcopyrite
leaching, the same surface has zones which undergo different leaching rates and this
gives rise to different leaching products being detected on the same surface. This may
help to explain why different researchers have reported detecting different surface
products during chalcopyrite leaching. The observation therefore supports the view
that many different products may occur on the same chalcopyrite surface at the same
time. For example, in Figure 66, chalcopyrite (or a phase similar to chalcopyrite) and
sulfur have been detected on the same electrode surface.
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5.3.3

SEM study of products formed in the presence of Ag

Changes which occur on the chalcopyrite after electrochemical treatments in solutions
containing Ag were also studied by SEM. All chalcopyrite electrodes were polished as
described as previously described (Section 2.3). After polished chalcopyrite electrodes
were treated in various solutions containing Ag, some of these chalcopyrite electrodes
were prepared for observation on the SEM. SEM analysis revealed the presence of
several features on the electrode surface after treatment at different conditions. This
section will present the various products which were detected on the electrode after
various electrochemical treatments.
5.3.3.1

The effect Ag on surface products at 65 °C

While it is recognised that the use of Ag as a catalyst has not been widely adopted on
a commercial scale, it is still important to assess the properties possessed by Ag which
make it an excellent catalyst for the leaching of chalcopyrite. One of the ways in which
the catalytic properties of Ag can be fully resolved would be through the study of the
surface products which are formed during and after leaching chalcopyrite in the
presence of Ag. However, in most cases, the ability to observe Ag products on the
chalcopyrite surface can be hindered by the use of very low concentrations of Ag in
the leach solutions. Low concentrations of Ag are usually used to study chalcopyrite
leaching. For example, in one study, it was reported that the formation of elemental
Ag on the surface during chalcopyrite leaching could not be confirmed by such
methods as XRD due to the small quantities of Ag that would have formed (Price and
Warren, 1986). To allow the formation of sufficient quantities of surface products
which can be studied by such methods as SEM, it was recognised in the present study
that it was necessary to use high concentrations of Ag in some of the early tests to
study the surface products.
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The effect of Ag was initially studied at 3 g/L Ag+. Ag was added to a 0.1 M H2SO4
containing 5 g/L Fe3+ to give a solution containing 3 g/L Ag+. The solution was brought
to a temperature of 65 °C in an electrochemical cell. When the temperature of 65 °C
was attained, a polished chalcopyrite electrode was introduced to the cell. The
electrode was rotated at 300 rpm in the solution for 24 hours. During this time, the
OCP was recorded.
At the end of 24 hours, the electrode was taken out of the solution, washed thoroughly
with DI water and dried in an evacuated desiccator. The dried electrode was carbon
coated in preparation for SEM analysis. SEM analysis revealed the presence of various
particulate materials were on the surface. These results are presented in Figure 67.
Figure 67(a) and Figure 67(b) show particles whose shapes appear to be dendrites or
whisker-like. Some of the particles had lengths of up to 9 µm as shown in Figure
67(b). EDS analysis was used to characterise these particles. The EDS analysis showed
that the particles are enriched in Ag. However, the EDS analysis was unable to fully
resolve the composition of these particles. This is believed to be mainly because the
interaction volume for the SEM electron beam is much larger than the thickness of the
particles. As a result of the large interaction volume of the electron beam, it also gave
signals from the bulk chalcopyrite mineral underneath.
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Figure 67. SEM micrographs of a chalcopyrite electrode after OCP treatment in 0.1 M H2SO4, 5
g/L Fe3+ solution containing 3 g/L Ag at 65 °C, rotation speed = 300 rpm. Instrument: FEI
Verios 460 FEG SEM

Figure 67(c) shows little mounds or mushroom-like features on another area of the
electrode. Figure 67(d) is a magnification of one of these mounds. EDS analysis could
not conclusively characterise these particles although the mounds were rich in sulfur.
It was discovered that when the electron beam was directed onto these mounds for
EDS analysis, these mushrooms disintegrated and appeared to melt under the electron
beam. The mounds in Figure 67(c) are believed to be elementals sulfur. In an earlier
study, atomic force microscope (AFM) analysis of chalcopyrite previously oxidised
electrochemically in solutions at pH 4 revealed the presence of ‘islands’ of reaction
products on the mineral surface (Farquhar et al., 2003). In that study, it was also
observed that these product ‘islands’ were also formed in-situ, showing that the island
growths were not an artefact from drying the sample (Farquhar et al., 2003).
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In the present study, to ascertain if these mounds were indeed mounds of elemental
sulfur, it was decided to wash the electrode with carbon disulfide (CS2) before studying
the same electrode on the again on the SEM. It was believed that cleaning the electrode
with carbon disulfide would dissolve all the elemental S which was believed to be
present on the surface as shown by Figure 8(c) and Figure 8(d). After cleaning the
electrode and observing it again on the SEM, if the mounds of elemental S disappear,
it would support the suggestion that the mounds are indeed elemental S. The images
of the electrode after cleaning with CS2 are shown in Figure 68 and Figure 69.

Figure 68. SEM image showing part of the chalcopyrite electrode surface after CS2 cleaning.
Instrument: FEI Verios 460 FEG SEM

As observed in Figure 68, when the electrode surface was studied again on the SEM
after CS2 cleaning, the mounds which were observed earlier were no longer present.
Therefore, the mounds that were earlier observed could indeed be mounds of elemental
sulfur. Figure 68 also shows some sections of the electrode surface which showed the
dendrites/whiskers that were observed earlier were still present on the surface after
CS2 cleaning. In addition, there were some smaller particles on the surface which had
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no definite shape. As observed earlier, these particles were however, rich in Ag
although EDS analysis was unable to fully resolve whether these particles were
composed of solely of Ag or Ag2S. Interestingly however, it was established that the
surface particles were not distributed uniformly on the electrode surface as shown in
Figure 69. The figure shows that the Ag-rich particles are not distributed uniformly
but rather that they are more prevalent in certain zones than others. Clearly in Figure
69, there are seemingly two main bands of the Ag-rich particles (shown by the red
arrows). Outside of these main bands, the distribution of the Ag-rich particles on the
surface is more sparsely distributed.

Figure 69. Part of the electrode surface showing that zones of the chalcopyrite surface have
greater affinity for Ag containing particles than others. Beam current = 0.2 nA., Accelerating
voltage = 5 kV. Instrument: FEI Verios 460 FEG SEM

It has been observed that there is selective interaction of the Ag-containing particles
with the chalcopyrite surface as shown in Figure 69. This selective interaction of the
Ag-containing particles with the surface may have an influence on how the Ag
catalyses chalcopyrite leaching. This is because some surface zones are in contact with
more Ag-containing particles than others. This is in addition to the previously observed
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effect that during chalcopyrite leaching, the mineral surface does not dissolve in a
uniform manner (Section 5.3.2). Instead it appears that depending on the exposed
surface planes of individual mineral grains, different processes take place at the same
time.
5.3.3.2

Electrode surface after 24 hours leaching in the presence of Ag and EG at 65 °C

A synergy appears to exist between silver and ethylene glycol (EG) during the leaching
of chalcopyrite. This relationship was discussed in Chapter 4 where positive effects
were observed when both Ag and EG were present in solution. The positive effects are
believed to come as a result of the reduction of Ag+ by EG on the chalcopyrite surface,
with the formation of elemental Ag. SEM was used to characterise the surface products
which are present on the chalcopyrite surface. SEM/EDS was also used to confirm that
elemental Ag is present on the surface.
A chalcopyrite polished electrode was leached in 0.1 M H2SO4, 5 g/L Fe3+ solution in
the presence of 100 ppm Ag+ and 1 % (v/v) EG for 24 hours. The Ag and EG were
only introduced to the 0.1 M H2SO4, 5 g/L Fe3+ solution after attaining the temperature
of 65 °C. This was followed by introduction of a freshly polished chalcopyrite
electrode which was subsequently rotated at 300 rpm. After 24 hours, the electrode
was taken out, washed and dried in an evacuated desiccator. After carbon coating to
make it suitable for SEM analysis, the chalcopyrite surface was studied on the SEM.
Figure 70 is a combination of SEM images for the chalcopyrite surface which show
the presence of particulate materials on the electrode surface. The secondary electron
image (left hand side) shows the presence of a group of particles on the surface. Some
of these particles were cubic in shape. The backscatter image (right hand side) shows
the same region and also appears to show that the particles are composed of high
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atomic mass element as shown by the white colour compared to the surrounding
regions. The most likely element is Ag.

Figure 70.SEM images showing the presence of particulate material on the electrode surface
after 24 hours leaching at 65 °C. (a) Secondary electron image (b) Backscatter electron image.
Cubic particles were observed on the surface after treating a chalcopyrite electrode in a ferric
sulfate solution containing Ag and EG. Solution composition: 0.1 M H2SO4, 5 g/L Fe3+, 100 ppm
Ag+ and 1 % (v/v) EG. Beam current = 0.2 nA., Accelerating voltage =15 kV. Instrument: FEI
Verios 460 FEG SEM

Figure 71 shows yet another zone on the same electrode surface. The figure shows a
region that has been extensively leached surrounded by a relatively unleached zone. In
the secondary electron image, it is observed that the whole field of view has particles
distributed over the surface regardless of whether the zone is leached or not. The
backscatter image shows clearly defined boundaries of the leached zone. The clear
demarcation of the surface into a leached zone and an unleached zone further confirms
that the leaching of the chalcopyrite surface occurs at different rates from zone to zone.
The boundary between the leached zone and the unleached zone is looked at in more
detail in Figure 72.
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Figure 71. SEM micrograph showing that there are zones of the surface where preferential
corrosion has taken place. (a) Secondary electron image (b) Backscatter electron image. Beam
current = 0.4 nA., Accelerating voltage=15 kV. Instrument: FEI Verios 460 FEG SEM.

Figure 72(a) is the secondary electron image and Figure 72(b) is the backscatter
electron image of the boundary between the leached zone and the unleached zone that
has been described in the preceding paragraphs. It is observed that the leached zone
itself has not been leached uniformly. Instead, there appears to be a lot of irregularly
arranged mini zones that have remained unleached within the leached zone. It is also
quite evident that the boundary between the two zones is a clearly defined one.

Figure 72. Increased magnification of SEM micrograph showing that there are zones of the
surface where preferential corrosion has taken place. (a) Secondary electron image (b)
Backscatter electron image. Beam current=0.4 nA., Accelerating voltage=15 kV. Instrument:
FEI Verios 460 FEG SEM.

EDS elemental map analysis was carried out to study the surface composition at the
boundary between the leached zone and the unleached zone which are shown in Figure
71 and Figure 72. The EDS elemental maps are shown in Figure 73. The Ag elemental
map shows that there is less Ag in the leached region than the unleached region.
However, within the leached region, there are tiny unleached patches which are rich
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in Ag. The Cu map shows that the leached region is enriched in Cu than the unleached
region. This result supports the notion that the leached chalcopyrite surface is
composed of a Cu-rich sulfide due to the preferential leaching of Fe. The Fe map also
supports this view. In the Fe map, the leached zone is deficient in Fe compared with
the unleached region. With regards to the S map, there is slightly less S in the leached
region than the unleached region although there is no clear difference compared to the
metallic elements.

Figure 73. EDS map of the corroded zone on the chalcopyrite surface after. Scale bar = 10 µm.
Instrument: FEI Verios 460 FEG SEM.

A closer look at the chalcopyrite surface revealed that the Ag particles were not evenly
distributed on the surface. It was observed that the particles were prevalent at defective
zones on the mineral surface. This is shown in Figure 74 which shows that there was
a high density of the particles in the vicinity of either extensive leaching or defects.
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Figure 74. The prevalence of Ag particles in the proximity of leached zones of defective zones.
Instrument: FEI Verios 460 FEG SEM.

The preferential leaching of some zones of the surface over others can also be observed
in Figure 75. It is quite evident that on the same surface, there are partially leached
zones which are present in close proximity to relatively unleached zones.
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Figure 75. Some zones on the chalcopyrite surface were severely leached than others.
Instrument: FEI Verios 460 FEG SEM.

5.3.4

SEM characterisation of particles formed in the absence of EG

The presence of Ag particles on the chalcopyrite surface was also investigated in the
presence of Ag without the addition of ethylene glycol. A chalcopyrite polished
electrode was leached in a solution of 0.2 M H2SO4; 5 g/L Fe3+ and 100 ppm Ag+ with
a rotation speed of 300 rpm at 50 °C for 24 hours. Following the 24-hour leaching
period, the electrode surface was then studied on the SEM after the appropriate
preparation. Figure 76 is a secondary electron image which shows part of the electrode
surface.
Just as observed in the preceding section (Section 5.3.3), there were a number of
particles present on the surface. It is observed in Figure 76 that there is a wide range
of particle types present. The bulk of the particles are cubic in shape. In addition to the
cubic shaped particles that were discussed earlier, there are also some much larger
particles that do not possess a definite shape. The composition of the surface particles
was determined using EDS analysis. The EDS analysis was done in the form of a line
scan which is shown in Figure 77.
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Figure 76. Secondary electron image of the electrode surface after 24 hours leaching. Solution
composition: 0.2 M H2SO4; 5 g/L Fe3+; 100 ppm Ag+. Temperature = 50 °C.

Figure 77(a) is an electron image which shows the part of the electrode surface where
the EDS line scan was carried out. The EDS line scan analysis was along the line from
left to right. Correspondingly, Figure 77(b) shows the line spectra which show the
distribution of Ag and S along the line. The figure shows that moving along the line,
there is initially more counts per second (cps) of S than Ag. When the distance is now
4 µm, which coincides with the position where the surface particles are located, there
is a dramatic shift in the counts per second (cps) due to both Ag and S. As soon as the
electron beam interact with the surface particles, the counts per second due to S drop
dramatically. At the same time, the counts per second due to Ag rises sharply as soon
as the electron beam interacts with the particles.
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Figure 77. (a) Secondary electron image showing the region where the line scan was done. Scan
direction is from left to right (b) The corresponding elemental distribution with distance.

Moving further along the line shows the same pattern that when Ag is high, S is low
and vice versa. These results show that the particles which were detected on the surface
are composed of Ag. These findings support the fact that elemental Ag forms on the
surface of chalcopyrite. The possible formation of elemental Ag has implications in
the possible leaching mechanisms of chalcopyrite (this will be discussed later).
Elemental Ag would be expected to interact differently from how Ag2S interacts with
the chalcopyrite.
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5.4 Transmission Electron Microscopy (TEM)
In addition to SEM surface analysis, transmission electron microscopy (TEM) was
also applied in this study. TEM offers several extra benefits which are not offered by
SEM. This section will present the TEM results obtained in this study.
5.4.1

Introduction to TEM analysis

TEM can provide images which are of very high resolution when compared to the
visible light microscopes (Williams and Carter, 2009). However, there are also some
limitations for TEM use and some of these include:
•

There are difficulties in interpreting the 2D images produced in a TEM because
human eyes are accustomed to viewing 3D objects.

§

The high energy electron beams which can be damaging to the sample.

§

Only a small area of the sample is observed, which may raise questions about
sampling.

§

There can be difficulties in preparing thin samples that are suitable for the
TEM.

The limitations to the application of TEM are acknowledged. However, despite the
limitations of the TEM, there are benefits that are provided by TEM which no other
instrument can provide and so the TEM is a very valuable instrument. With this
knowledge in mind, TEM was applied in the study of the surface and near-surface of
chalcopyrite in the present study.
5.4.1.1

Focused ion beam (FIB)

There are various ways in which samples for TEM analysis can be produced. This
section discusses one of these methods, which is the focused ion beam method. It has
been reported that high quality samples for use in the transmission electron microscope
(TEM) can be prepared by using the focused ion beam (O’Shea et al., 2014; Giannuzzi
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and Stevie, 1999). The focused ion beam (FIB) instrument makes use of a focused
beam of ions which are used to etch the material under study to produce the sample
(Giannuzzi and Stevie, 1999). Some buckling and surface roughening of the sample
has been found to be inevitable during FIB milling (Jin et al., 2010).
Gallium (Ga) is commonly used as the source of the ions commonly used in FIB
although argon (Ar) ions are also used (Jin et al., 2010). The ions of choice are present
as a liquid metal ion source (LMIS) which is in contact with a very sharp tungsten
needle (Giannuzzi and Stevie, 1999). The gallium wets the needle and eventually flows
to the tip of the needle where the extractor electrode causes the gallium to form a sharp
cone (Giannuzzi and Stevie, 1999). Field ionisation results in the production of ions,
which are then accelerated down the column.
Gallium is usually preferred as the source of ions because of its low melting point as
well as the ability to form very fine ion probes (Giannuzzi and Stevie, 1999).
Accelerating voltages in the FIB are usually 5 to 50 keV (Giannuzzi and Stevie, 1999).
When the accelerated gallium ions come into contact with the target sample, the Ga+
enters the sample whereupon the interaction of the Ga+ with the sample results in the
ejection of a sputtered particle from the sample. In order to protect the surface of
interest, metals such as tungsten (W), platinum (Pt), aluminium (Al), copper (Cu) and
carbon (C) can be used as deposition materials (Giannuzzi and Stevie, 1999). These
deposition materials are deposited on the surface to protect the material of interest
underneath. The area which would have been previously covered by the deposited
material will remain without being milled and results in the formation of a thin section
of the target sample such as that indicated in Figure 22. When this is properly done,
the resulting sample slice which is now “transparent” to electrons and is now suitable
for use in the analysis.
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The thin TEM sample produced by ion milling may have sides that are not perfectly
parallel. The reason for this effect has been found to be the competition between
sputtering and deposition of a given material (Giannuzzi and Stevie, 1999). This results
in a sample that are thicker on one end, giving rise to the “V-shape” (Giannuzzi and
Stevie, 1999). To overcome this problem, it is usual to tilt the sample at an appropriate
angle depending on the mean atomic mass of the sample.
It has also been observed that during sputtering, Ga ions are implanted and mix into
the sample and this may introduce some well-known artefacts (Jin et al., 2010). Such
artefacts make it very difficult to distinguish between the real microstructure and the
irradiated materials (Jin et al., 2010). The Ga ions may cause some local composition
variation and it also causes the outer layers to lose their crystalline structure and
become amorphous (Giannuzzi and Stevie, 1999). The use of Ar ion FIB-milling has
been found to cause less damage than that caused during Ga milling due to the lower
energy (Jin et al., 2010). Using the low energy Ar ion milling at low angles of incidence
was also been found to considerably reduce the surface artefacts (Jin et al., 2010).
The FIB samples used in the present study were prepared using a Ga+ ion beam. The
TEM results from the FIB ions are presented in Section 5.4.2.2.
5.4.2

TEM Results

This section will present the TEM results which were obtained from the sampled
prepared by two methods;
•

Scraped sample

•

FIB sample

5.4.2.1

TEM results from scraped sample

The products which are present on a chalcopyrite electrode after leaching in 0.2 M
H2SO4, 5 g/L Fe3+ solution in the presence of 100 ppm Ag+ and 1 % (v/v) EG at 50
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°C for 24 hours were characterised by TEM. The polished chalcopyrite electrode was
leached in this solution while rotating at 300 rpm. At the end of the 24-hour leaching
period, the electrode was taken out of solution, washed with DI water and dried. When
the electrode was sufficiently dry, the TEM sample from this electrode was prepared
as described in Chapter 2 (Section 2.7.2.2).
Some of the TEM results obtained from analysis of this sample are given in the TEM
bright field images, Figure 78 and Figure 79. These figures show the materials that
were removed from the electrode surface. In Figure 78 the TEM micrograph shows a
huge quantity of tiny particles in the vicinity of a bigger particle that is too big for
TEM analysis. However, this particle is believed to be a piece of chalcopyrite, which
is however, too thick to be studied by TEM. It is also believed that the tiny particles
observed in Figure 78 that there are silver nanoparticles (AgNPs), similar to those
observed in Section 5.3.
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Figure 78. TEM images of AgNPs and chalcopyrite. (a) Bright-Field (BF) image of irregular
surface of chalcopyrite and aggregates of Ag-NPs.

While Figure 78 clearly shows the abundance of the AgNPs present, it does not show
much about the morphology or other crystal information. On the other hand, some of
these particles are shown in the magnified image (Figure 79). In this magnified image,
it is observed that there are several features which are apparent. For instance, it is the
TEM observations of the chalcopyrite and alteration products together suggests that
the particles are strongly implanted to the surface. Figure 79 also reveals that the some
of the particles are present as rounded and (or) twinned AgNPs which are implanted
in the chalcopyrite surface. The twinning is evident in Figure 79 in the form of stripes
on some of the nanoparticles. It is also observed that the particles have dimensions
<100 nm in size. At this size, particles are usually referred to as nanoparticles.
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Figure 79. TEM images of Ag-NPs and chalcopyrite Ag-NPs shown are mostly <100 nm and
most are twinned (striped particles shown by the arrows) and rounded (Scale bar = 100 nm).

The TEM was operated in a mode which allows EDS analysis to be done on a selected
region of interest. This TEM mode is the High-Angle Annular Dark-Field Scanning
TEM (HAADF STEM). These results from this analysis are given in Figure 80. The
green rectangle encloses the region of interest which was scanned to generate the EDS
spectra. The EDS software allows the spectra of selected individual particles to be
generated. In this regard, the EDS spectrum of the large particle inside the green
rectangle (marked 1) was generated. The EDS spectrum for these particles is shown in
Figure 81. It should also be pointed out that similar spectra were obtained for the other
particles within the scanned region. The EDS spectrum shown in Figure 80 shows that
the particles are elemental Ag without associated S (Figure 81). This is consistent with
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elemental Ag. Therefore, the detection of elemental Ag reaffirms the observations
which were made earlier in Section 5.3. This result provides further evidence that
elemental Ag can be made formed on the chalcopyrite surface under certain conditions.
This means that Ag can be present on the chalcopyrite surface not necessarily as Ag2S.
therefore, it is expected that the elemental Ag formed has a role that it plays in the
catalysis of chalcopyrite leaching.

Figure 80. A high angle annular dark field (HAADF) image showing the Ag particles. The
selected area (green rectangle) shows a reduced area where energy dispersive x-ray
spectroscopy was done on individual particles.

From the EDS spectrum shown in Figure 81, it can therefore be said with certainty that
the particles which were observed in Figure 78 and Figure 79 are Ag particles. In the
EDS spectrum, the Cu peaks present are due to the TEM grid, which is made of Cu.
On the other hand, the Si peak is most likely to be due to the detector (Reed, 2005).
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Figure 81. The EDS spectrum obtained from High-Angle Annular Dark-Field Scanning TEM
(HAADF STEM). Note lack of S on the EDS documenting the presence of metallic Ag.

As it has been confirmed that the particles present on the chalcopyrite surface are Ag
particles it means that Ag forms on the chalcopyrite surface during Ag-catalysed
leaching. This elemental Ag present on the chalcopyrite surface influences the leaching
of chalcopyrite, most likely by an alternative mechanism to that which involves Ag2S.
5.4.2.2

TEM results from FIB sample

TEM analysis was also used to study chalcopyrite FIB samples. This analysis also
confirmed the formation of a Cu-rich zone near the surface after leaching chalcopyrite
in the studied sulfate media. The chalcopyrite FIB samples were prepared as described
in Section 2.7.2.1. Before the FIB sample was prepared, a chalcopyrite polished
electrode was prepared as described in Section 2.3. The polished electrode was leached
in a solution of 0.2 M H2SO4, 5 g/L Fe3+ and 100 ppm Ag+ at 50 °C for 24 hours with
a rotation of 300 rpm. At the end of the 24 hours, the electrode was washed, dried and
coated with carbon to allow the FIB sample preparation. The prepared FIB sample was
then studied on the TEM and the results are given in Figure 82 to Figure 84.
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Figure 82. A cross-section view of the near-surface layers of a chalcopyrite electrode prepared
by the FIB milling method. The platinum strip was deposited during the preparation of the FIB
sample to protect the region of interest from ion milling.

The near surface of the FIB sample was found to be composed of layers of different
compositions (Figure 82). The platinum layer (4) is due to the platinum strip that was
deposited on the chalcopyrite surface. Its purpose was to cover the selected region of
interest and protect it from ion milling during the preparation of the FIB sample as
described in Section 5.4.1.1. In Figure 82, just underneath the platinum layer, the
topmost was a silver-rich layer (3); followed by an altered zone that was rich in Cu
(1). Below this layer was unreacted chalcopyrite (2).
The zone enclosed by the rectangle in Figure 82 was selected to perform elemental
mapping in order to confirm the elemental distribution. The elemental maps are as
shown in Figure 83. It is quite evident that the chalcopyrite surface is covered by a
silver rich layer (green zone, figure b). In the Cu map, it is observed that Cu is
dominant in the region just below the Ag-rich layer (figure c). The S map (figure d)

302

shows that S is present on the surface, possibly as Ag2S as well as under the Cu-rich
zone, in unreacted chalcopyrite. The Fe map (figure d) shows that the Cu-rich zone is
depleted of Fe, as opposed to the underlying chalcopyrite, where Fe is present. Some
Fe is present in the surface layer as indicated by the Fe map.

Figure 83. EDS maps showing the elemental distribution on the chalcopyrite surface when the
cross-section is viewed on the TEM. (a) High angle annular dark field (HAADF) image of
mapped area (b) Ag map (c) Cu map (d) S map (e) Fe map (f) Pt map. Scale bar = 300 nm.

The sub-zones labelled 1, 2, 3 and 4 in Figure 82 were used to get the EDS spectra that
are useful to show the elements present in the respective sub-zones. The EDS spectra
are as given in Figure 84. The EDS taken for the area marked as 1 in Figure 82 has the
EDS spectra shown in Figure 84 (Area 1) which shows the presence of only Cu. This
is a suggestion that in this near-surface zone, there is an altered phase This phase is
enriched with Cu but deficient in iron. The reason for the absence of S in this zone is
not clear. The thickness of this copper-rich layer appears to have variable thickness.
However, for the region studied, this layer has a thickness that varies from about 420
nm to about 550 nm. In the EDS spectra shown (Area 1), no other elements have been
detected. This may partly be due to the enhancement of Cu signals due to the material
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of construction of the TEM grid, which is Cu. Nevertheless, it is apparent that Area 1
is different from Area 2 for example. Area 2 is a zone believed to consist of unreacted
chalcopyrite. This is confirmed by the EDS for Area 2 which shows the presence of
Fe and S as well as the Cu.
Above the Cu-rich layer is a silver-rich layer. The EDS spectrum and map from this
layer indicates the presence of silver but no detectable S (Area 3). This result confirms
the observed results from the SEM analysis where particles of elemental Ag were
observed. This supports the proposal that the Ag added as a catalyst is also present on
the chalcopyrite surface as elemental Ag and not just as Ag2S as commonly reported
in the literature. The silver layer is found to have a thickness averaging 50 nm in the
studied region.

Figure 84. The EDS spectra for the different sub-zones documenting the elements present in the
respective zones.

On the other hand, Area 4 only has peaks due to Cu and Pt. The Cu is due to the Cu
TEM grid while the Pt is due to the Pt strip deposited on the surface during FIB sample
preparation.
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5.5 Chalcopyrite leaching studies by x-ray photoelectron spectroscopy
(XPS)
5.5.1

Introduction to XPS

X-ray photoelectron spectroscopy (XPS) is also known as electron spectroscopy for
chemical analysis (ESCA). XPS is a powerful tool for surface analysis as it gives
information about the surface only because of the low penetration power of the
electrons (Parker et al., 2003). The information generated by XPS is for the zone
between 1.5 and 4 nm from the surface (Martin, 2003). However, it has also been
reported that the qualitative and quantitative analysis of the elements present is
possible for a thickness of less than 10 nm (Ferraria et al., 2012). In addition to the
ability to provide only information about the surface, XPS also has the advantage to
identify the chemical states of atoms (Gaarenstroom and Winograd, 1977). Unlike
many other analysis techniques, XPS is sensitive to elements across the periodic table
– everything heavier than helium. Depending slightly on the element, atomic
concentrations as low as 0.1-1% can be detected. Of particular relevance to mineral
processing is the excellent sensitivity to elements such as oxygen and sulfur
(Sandstrom et al., 2005; Klauber et al., 2001) that often form compounds on the surface
which are distinct from the bulk material.
The general operating principle of XPS is now going to be presented. A beam of
monochromatic x-rays is directed onto the sample. To get a monochromatic x-ray
source, quartz crystals are often used to diffract the x-rays so that only the Kα X-ray
photons are diffracted onto the sample (Martin, 2003). The monochromatic x-rays
interact with the sample causing inner or outer electrons to be ejected with discrete
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kinetic energies (Hollander and Jolly, 1970). XPS analysis is carried out under ultrahigh vacuum (UHV) with pressures of around 10-10 mbar being typical (Martin, 2003).
In Figure 85, the ionisation of an atom by the removal of the inner 1s electron results
in the ejected electron possessing kinetic energy given by equation (114).
E´vw = h𝑣 − ϕ − E·

(114)

where h = Planck’s constant, v = frequency of the x-ray photon, ɸ = work function,
Eb= binding energy. The term hv gives the x-ray energy (Hollander and Jolly, 1970).

Figure 85. Photoionization of an atom by the removal of a K-shell electron. The Fermi level
represents zero of the binding energy and the vacuum level represents zero of the kinetic energy
(After Martin, 2003).

The electron energy spectrum that results from measuring the kinetic energy of the
ejected electrons is characteristic of the emitting atom type (Martin, 2003).
Photoelectrons can be emitted from all energy levels. The energy of the emitted
electrons is measured in a concentric hemispherical analyser (CHA) of the XPS
instrument and results in a spectrum of energy peaks that are characteristic of the
emitting atoms (Martin, 2003). The CHA is made of two metal hemispheres of
different radii. The hemispheres are arranged so that their centre of curvature is the
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same. A schematic of the concentric hemispherical analyser is shown in the schematic
diagram that is shown in Figure 86.

Figure 86. Schematic diagram of a concentric hemispherical electron energy analyser (after
Martin, 2003).

Before electrons enter the CHA, they pass through some electrostatic lenses to focus
them well as slow them down. Different voltages are the applied to the hemispheres
so that a potential difference exists between them (Martin, 2003). As the electrons then
pass through the small gap between the hemispheres, high energy electrons will
impinge on the outer hemisphere, while the low energy electrons will be attracted to
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the inner hemisphere (Martin, 2003). Only the electrons within a small energy region
called the pass energy are able to exit the CHA and reach the detector. The measured
kinetic energy of the electron, Ekin values can be converted to binding energies. The
binding energies can then be represented in the form of an XPS survey spectrum. Key
terms in the discussion of XPS spectra are the observed peak width ΔE (also called the
FWHM – full width at half maximum) and the peak intensity. The identification of the
major peaks is achieved by comparing with reference data (Martin, 2003).
5.5.2

Chalcopyrite sample preparation for XPS studies

Chalcopyrite samples were prepared for XPS analysis as described in Section 2.7.4.1
(Materials and Methods). These samples were leached were leached in the solutions
and conditions given in Table 20.
Table 20. Leaching conditions for the chalcopyrite surfaces.

Test #

Test name

Conditions

1

Silver added

0.1 M H2SO4; 5 g/L Fe3+; 10 mM Ag+; 65 °C, 24
hours.

2

Fresh surface

No chemical treatment

3

No silver (Spot 1)

0.1 M H2SO4; 5 g/L Fe3+; 65 °C, 24 hours.

4

No silver (Spot 2)

0.1 M H2SO4; 5 g/L Fe3+; 65 °C, 24 hours.

The XPS results under the different conditions will be discussed in the following
sections. The XPS instrument was calibrated against C 1s with a binding energy of 284
eV. The polished surface of the mineral leached in the absence of Ag showed regions
that were distinctly different in color. These visually different regions of the same
surface were analyzed individually. The results of these surface regions will be
presented as No Silver (Spot 1) and No Silver (Spot 2).
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5.5.3

XPS results

5.5.3.1

The XPS survey spectrum

A survey spectrum was done for the energy range 0 to 12000 eV to allow the
identification of the main elements of interest present. For example, Figure 87 shows
the survey spectrum of the fresh chalcopyrite sample up to 1100 eV. Each of the main
peaks identified in the survey spectrum are labelled with the respective elements.
There were similarities in the survey spectra for all the samples except the sample
leached in the presence of Ag. It has been reported that differential charging of the
sample is characterized by apparent distortion or broadening of spectra (Yang et al.,
2015). There is no such distortion observed in Figure 87, indicating that there was no
differential charging of the sample.

Figure 87. Survey spectra for the chalcopyrite surface under different conditions. The
unlabelled peaks are mainly Auger peaks which are not relevant to this study.

After identifying the main peaks of interest, each of these peaks was studied more
closely by the study of the high-resolution spectra of the elements. The high-resolution
spectra for Cu, Fe, S and Ag for all the samples will be discussed separately in
subsequent sections.
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5.5.3.2

The C 1s spectrum

The C 1s spectrum is used for calibration of the binding energy scale. The C 1s peak
is located at 284.8 eV (for monochromated Al Kα source) (Moulder, 1992). For
example, the XPS spectrum for adventitious carbon on the surface of the chalcopyrite
electrode after leaching in the presence of Ag is shown in Figure 88. The peak
associated with the hydrocarbon bonds is at 284.8 eV. Therefore, the C 1s peak is
located at the correct position reported in the literature. As a result, charge correction
was not used. Peak fitting was also done to the carbon peak and it shows that there are
other C phases present on the surface as shown in Figure 88.

Figure 88. The C 1s spectrum for adventitious carbon on the chalcopyrite surface after leaching
in the presence of Ag.

5.5.3.3

The Cu 2p spectra for all the samples

Figure 89 shows the Cu 2p spectra for the different chalcopyrite samples leached at
different conditions as indicated in Table 20. The Cu 2p spectra indicate that Cu is
present on the surface in all of the samples except for the sample leached in the
presence of Ag (blue line). For the chalcopyrite surface which had been treated in the
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presence of Ag, no Cu peaks are identified. This implies that the surface is made of
other phases which do not contain Cu or that the near-surface layers of the sample have
been leached and are now depleted of Cu.

Figure 89. Cu 2p high resolution spectra for chalcopyrite exposed to different conditions

For the fresh sample, the Cu 2p3/2 peak is located at 932.1 eV. However, when the
chalcopyrite was leached in the ferric solutions (Spot 1 and Spot 2), this Cu 2p3/2 peak
gets shifted slightly to lower binding energies. For Spot 1 the Cu 2p3/2 peak was located
at 931.9 eV while for Spot 2 the peak was located at 932.0 eV. There are no shake-up
satellite peaks in the spectra, which occur at 940-945 eV. Such shake-up satellite peaks
are

characteristic of Cu2+ species (Yin et al., 1995; Pearce et al, 2006;

Ghahremaninezhad et al., 2013). Thus, the Cu 2p3/2 peak in Figure 89 is due to Cu(I)
species on the surface (Sandstrom et al., 2005) and there are no Cu(II) phases on the
surface. The Cu2+ species emanate from less severe surface oxidation of chalcopyrite
and these include CuS, Cu1-xS, Cu1-xFe1-yS and CuS2 (Pearce et al., 2006).
There are similarities in the spectra for the fresh surface and the sample leached in
ferric solutions. Such a similarity suggests that there is very little change in the surface
composition. In addition, there is no change in the oxidation state of Cu, implying that
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there is not much alteration that occurs to the chalcopyrite surface under the leaching
conditions tested. It is evident that the XPS spectrum for Spot 2 has less Cu intensity
than the fresh surface or Spot 1. This suggests that there is less Cu on the surface for
Spot 2 than for Spot 1.
5.5.3.4

The Fe 2p spectra for all the samples

The Fe 2p spectra of the chalcopyrite after treatment at different conditions are shown
in Figure 90. No peak fitting has been done of the Fe 2p spectra due to its complexity.
Attempting to do peak fitting on Fe 2p spectra has been described as problematic
(Klauber et al., 2001). The Fe 2p3/2 peak is located at 707.3 eV while the Fe 2p1/2 peak
is located at 720.2 eV in Figure 90. The Fe 2p3/2 component at 707.5 eV (Sandstrom
et al., 2005), 707.8 eV (Ghahremaninezhad et al., 2013) or 708.5 eV (Yin et al., 1995)
has been attributed to CuFeS2. On the other hand, a peak at 708.2 eV was reported to
be due to Fe(III)-S (McIntyre and Zetaruk, 1977; Yang et al., 2015). The Fe 2p1/2 peak
was reported to be at 721 eV (Ghahremaninezhad et al., 2013) or 721.5 eV (Yin et al.,
1995). It is clear from Figure 90 that the Fe 2p peaks are present in all the samples
except for the Ag-catalyzed leach experiment. For the chalcopyrite leached in the
presence of Ag, both the Fe 2p3/2 and the Fe 2p1/2 are not detected. Therefore, after
leaching chalcopyrite in the Ag-containing solution, the surface probably contains
phases which do not contain Fe and the surface is Fe-deficient.

312

Figure 90. Fe 2p high resolution spectra for chalcopyrite under different conditions.

The peak at around 711-712 eV in Figure 90 has been attributed to hydrated Fe2O3,
Fe(OH)3, and FeOOH oxidation products (Acres et al., 2010). However, this peak does
not have a high intensity. Where it is detected, this peak is quite broad, supporting the
suggestion that it is due to multiple phases. This peak is evident in all samples,
including the fresh sample, as seen in Figure 90. It was reported that the exposure of
chalcopyrite to air, even for very short times causes the formation of significant
quantities of iron oxide (Fe2O3, Fe3O4 and FeOOH) (Ghahremaninezhad et al., 2013).
This probably explains why the peak is observed in all the samples.
5.5.3.5

The S 2p spectra for all the samples

Figure 91 shows the S 2p spectra for all the samples. The S 2p spectra were fitted using
Casa XPS software. A Shirley background was used for the peak fitting. The sulfur
species, polysulfide (Sn2-), elemental sulfur (S0) and jarosite (SO42-) have all been
proposed in the literature as candidates of passivation (Zhao et al., 2017). In this study,
it was therefore important to study the S 2p spectra which are generated when
chalcopyrite is leached at different conditions.
There are some unique features which are observed in S 2p spectra. Due to spin orbital
splitting, S 2p spectra occur as doublets, S 2p3/2 and S 2p1/2 (Acres et al., 2010;
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Ghahremaninezhad et al., 2013; Zhao et al., 2017). There is always a 2:1 ratio between
the doublets with a spacing of 1.19 eV between these doublets (Nesbitt and Muir, 1998;
Klauber et al., 2001; Acres et al., 2010; Yang et al., 2015 or 1.2 eV (Yin et al., 1995;
Ghahremaninezhad et al., 2013; Zhao et al., 2017).

Figure 91: The S 2p high resolution spectra for chalcopyrite under different conditions

According to Figure 91, the fresh chalcopyrite surface has a dominant S 2p3/2 peak at
a binding energy of 162.5 eV. This peak is due to S22- and this suggests that even for
the “fresh surface”, the surface is already oxidised in the air, possibly during
preparation. Other species present on the fresh surface include Sn2-/S0 and S2-. The
figure also shows that no SO42- species was observed on the “fresh surface”. The
presence of Sn2-/S0 could be an indication that the sulfur has polymerised (Yang et al.,
2015). The peak attributed to Sn2-/S0 has a wider full width at half maximum (FWHM)
than the bulk S2- because it represents several different length sulfur oligomers which
are too complex to be confidently resolved individually (Acres et al., 2010). The
presence of S22- and Sn2- has been reported to form on the chalcopyrite surface due to
314

surface reconstructions (Wang et al., 2016). Such surface reconstructions could have
occurred after the polishing of the surface.
After treatment with Ag, the dominant S species is now the sulfide (S2-) with a binding
energy of 161 eV. The main sulfide species is believed to be Ag2S. Also present on
the surface is the disulfide (S22-) as well as sulfate (SO42-) at 168.8 eV. Some studies
have attributed the SO42- peak to a ferric sulfate phase (Parker et al., 2003). When
chalcopyrite was leached in the ferric solution (Spot 1), the dominant peak was S2- at
a binding energy of 161.2. There were also significant amounts of Sn2-/S0 present on
the surface as well. SO42- was also present on the surface. On a different location of
the chalcopyrite surface (Spot 2), the surface had a mixture of sulfur species including
S2-, S22, Sn2-/S0 as well as SO42-.
Except in Ag-catalyzed leaching of chalcopyrite, it can be observed that polysulfide is
present in all the other cases. During chalcopyrite leaching, the presence of Ag results
in greater Cu extraction. The XPS results in Figure 91 show the absence of polysulfides
only in the sample treated in Ag-containing solutions. This could be an indication that
the absence of polysulfide species in contributes to improved leaching of chalcopyrite.
However, this alone is not enough to conclude that polysulfides are responsible for the
passivation of chalcopyrite. The detection of polysulfide as the main passivating phase
has been reported previously (Wang et al., 2016; Zhao et al., 2017). Other studies have
argued that polysulfides are not expected to be stable phases although they can be
present as short-lived intermediate species in the leaching mechanism (Parker et al.,
2003) and the assignment of polysulfides as passivating phases has been considered to
be speculative (Klauber, 2008). The polysulfides have been reported to be too reactive
to exist as stable phases although they may exist as transient states in the dissolution
mechanism (Parker et al., 2003). Nonetheless, the XPS results of the current study
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suggests that polysulfides are present on the surfaces of all the chalcopyrite samples
except the sample treated in the presence of Ag.
5.5.3.6

The Ag 3d spectra for all the samples

Two core energy level peaks are usually identifiable for the Ag spectra. These are the
3d3/2 and the 3d5/2 peaks. Most of the literature sources use the 3d5/2 peak to identify
the Ag phases in a sample. The assignment of chemical states to any Ag phases is
difficult because there is a dispersion of binding energies values for chemical states
and superposition of values between different states (Ferraria et al., 2012). There are
three different chemical states for Ag within a 1.2 eV binding energy range (Ferraria
et al., 2012). The difficulty in interpreting the XPS spectra for Ag phases is also made
difficult because the Ag 3d peaks of different Ag phases are very closely packed with
shifts of the range of 0.1 eV (Hoflund et al., 2000). However, wide Ag 3d peaks with
relatively wide FWHM are usually indicative of the presence of more than one Ag
phase (Hoflund et al., 2000). For these reasons, it has been reported that the use of
Auger parameters (AP) is more reliable in order to assign silver chemical states than
binding energies (Ferraria et al., 2012; Gaarenstroom and Winograd, 1977).
One advantage Auger spectroscopy over XPS is that Auger peaks have larger chemical
shifts than XPS (Ferraria et al., 2012; Gaarenstroom and Winograd, 1977). As a result,
it is possible to tell apart the reduced form (Ag0) from the oxidized forms (Ferraria et
al., 2012). On the other hand, it has been indicated that both XPS and Auger
spectroscopy are not very suited to distinguishing metallic Ag from phases such as
AgO, Ag2O or their mixtures as the spectral features of these phases from these
techniques are similar (Hoflund et al., 2000). It is also documented that the binding
energy of the Ag 3d peaks exhibit a negative shift as the oxidation of the Ag increases
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(Hoflund et al., 2000; Ferraria et al., 2012). Table 21 gives the binding energies for
some common Ag phases which are of interest to the present study.
Table 21: Table of the peak energies of Ag phases relevant to this study.

Phase

Peak

Ag

3d3/2

Binding

Reference

Energy (eV)
374.27

Liu et al., (1994)

373.4

Hoflund et al., (1994)

367.9

Fuggle et al., 1977

368

Hegde et al., (1981)

368.1

Schoen (1973); Kaushik (1991); Bird
and Swift (1980); Wagner et al., (1979);
Hammond et al., (1975)

368.16

Bird and Swift (1980)

368.2

Hedman et al., (1971); Parry-Jones et
al., (1979); Johansson et al., (1973);
Weightman and Andrews (1980);
Shalvoy et al., (1977); Gaarenstroom

Ag

3d5/2

and Winograd (1977)
368.21

Bird and Swift (1980)

368.22

Nyholm and Martensson (1980); Seah et
al., (1998)

368.23

Asami (1976)

368.26

Seah et al., (1990)

368.27

Seah et al., (1990)

368.27

Anthony and Seah (1984)

368.29

Anthony and Seah (1984)

368.3

Schoen (1972); Romand et al., (1978)

368.4

Romand et al., (1978); Lingyin et al.
(2003)

Ag2S

3d5/2

Ag2O

3d5/2

368.1
367.8

Romand et al (1978)
Hammond et al., (1975); Gaarenstroom
and Winograd (1977).
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AgO

Ag2SO4

3d5/2

3d5/2

368.4

Romand et al., (1978)

367.4

Gaarenstroom and Winograd (1977)

368

Wagner et al., (1979)

367.8

Turner et al., (1980)

367.9

Gaarenstroom and Winograd (1977)

368.3

Wagner et al., (1979)

Table 21 shows that for the metallic Ag the 3d5/2 peak for example, is located between
367.9 eV and 368.4 eV, with many values between these limits. There also no
difference in the 3d5/2 values of Ag0, Ag2S, Ag2O, AgO and Ag2SO4. This highlights
the difficulties present in trying to resolve the surface composition in terms of Ag
phases.
The XPS results for the Ag 3d high resolution spectra for all the chalcopyrite samples
in the present study are given in Figure 92. It is immediately obvious that Ag was only
detected on the surface of the sample which was leached in the presence of Ag. The
XPS spectrum for this case indicates the Ag 3d3/2 peak is located at 373.9 eV and the
Ag 3d5/2 peak is located at 367.9 eV.
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Figure 92. Ag 3d high resolution spectra for chalcopyrite under different conditions.

5.5.4

Summary of XPS results

The study of chalcopyrite by XPS after leaching under different conditions revealed
several interesting observations. The Cu 2p spectra showed that when chalcopyrite was
leached in acidified ferric solutions at 65 °C, the surface did not change significantly
as Cu was detected on the surface even after 24-hour leaching periods. On the other
hand, however, the presence of Ag in the acidified ferric solutions yielded a completely
different surface. In this instance, no Cu peaks were detected on the surface. Similar
observations were made with the Fe 2p spectra. The main Fe 2p3/2 peak was detected
on all the surface except for the sample which was leached in the Ag-containing
solution. This showed that as observed with Cu, the surface was deficient in Fe.
Varying S species were detected on the different samples. All samples showed the
presence of S2-. S22- was detected in all samples except the sample leached in the
absence of Ag (Spot 1). SO42- was detected in all species except for the “fresh surface”.
“Polysulfides” were detected on all the surfaces excepts for the sample which was
leached in the Ag-containing solution. This observation may help support the view that
polysulfides contribute to chalcopyrite passivation.
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As expected, Ag was only detected on the surface treated in the Ag-containing solution
and not on any other surface. Therefore, given that no Cu or Fe was detected on this
surface, it suggests that the surface is composed of phases containing only Ag and/or
S. However, for Ag phases, it is difficult to resolve the spectra due to the binding
energies which overlap for different phases. It is therefore difficult to conclusively
assign the Ag 3d5/2 peak to either Ag0 or Ag2S based on only the XPS results.

5.6 Synchrotron powder diffraction studies
5.6.1

The benefits of using in-situ synchrotron analysis

In many studies of chalcopyrite leaching, the sample is usually treated in various
solutions before it is removed from the reaction environment for the surface to be
analysed away from this reaction environment. Some questions have been posed about
the information that is generated from such ex-situ techniques. It has been reported
that the application of in situ analytical techniques can lead to advances in the
understanding of the solid transformations taking place in hydrometallurgical
processes (Majuste et al., 2013). In situ studies can allow the detection of crystalline
phases which form on the surface of the chalcopyrite without taking the mineral from
its reaction environment. With this in mind, in situ powder diffraction tests were
carried out under different conditions at the powder diffraction (PD) beamline at the
Australian Synchrotron. Some advantages of synchrotron radiation over conventional
laboratory XRD includes its ability to permit high spatial and time resolution (Majuste
et al., 2013) as well the high signal-to-noise ratio. This makes it easier to differentiate
between real signals and noise. The improved signal-to-noise ratio due to higher
intensity also allows very small amounts of sample to be analysed (De Marco et al.,
2006; Majuste, et al. 2012). There is less attenuation of the beams by the aqueous
solutions if synchrotron radiation is used, as opposed to a conventional laboratory
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radiation (De Marco et al., 2006). It is also possible to tune the wavelength of
synchrotron radiation to allow penetration of reaction vessels (Majuste et al., 2013).
5.6.2

Results: In-situ synchrotron studies

In-situ powder diffraction experiments were done under the conditions described in
Section 2.7.3 (Materials and Methods). The diffraction data collected was processed
using several data analysis software. One such software was PDViPeR, which is a
visualisation, processing and reporting software package for powder diffraction data
and was developed in-house at the Australian Synchrotron. It is a python-based
package that is used to read and view Australian Synchrotron Powder Diffraction
beamline data from the Mythen II microstrip detector. PDViPeR was also used for
merging the collected data. The merged data was processed using WinPLOTR
(Fullprof Suite) software to remove the background to allow the plotting of the
diffraction data using Microsoft Excel. Matching of the merged data with existing
databases was done using Match! software to identify the phases present in the
samples. The database used with the Match! Software comes from Crystallography
Open Database (COD).
Chalcopyrite was leached at different conditions. Due to high demand for use of the
powder diffraction beamline, time was limited. As a result, most of the tests were
designed to have a duration of 4 hours. This time is very short in relation to the leaching
rates exhibited by chalcopyrite. Therefore, the most significant results were obtained
by leaching chalcopyrite in the presence of Ag at 70 °C. The leaching conditions for
this tests are summarised in Table 22. The temperature of 70 °C was used to speed up
the leaching so that changes could be observed quickly due to the time constraints.
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Table 22. A summary of the conditions that were used for one of the in-situ synchrotron tests.

Temperature
70 °C
5.6.3

Solution composition
pH 1.5, 15 g/L Fe3+,
100 ppm Ag

Duration
4 hours

In-situ chalcopyrite leaching in the presence of Ag at 70 °C

The chalcopyrite which was leached in the presence of Ag at 70 °C, gave some
interesting insights into the leaching behaviour of chalcopyrite. Figure 93 to Figure 96
show how the diffraction pattern of the sample changed as a function of time.
However, these figures do not show all of the data which was generated. Over the
duration of the 4-hour test, a huge number of diffraction spectra were generated. It is
therefore impractical to show all of the data. Some of the data has been omitted to
allow greater legibility. The figures show the diffraction patterns of only the first 20
scans. The time between successive scans is 4 minutes shown. Therefore, the data
represented by 20 scans is for about 80 minutes of the test.
Figure 93 shows that in the 2q range between 2-10°, changes in the diffraction patterns
began to appear in the 4th scan. Two new peaks began to appear during the 4th scan.
These new peaks were matched to the database and were found to match with
elemental sulfur (S8). This means that S8 formed between 8-10 minutes after the start
of the test. This result is in close agreement with the findings by Majuste et al. (2013).
In the in-situ synchrotron time resolved x-ray diffraction (S-TRXRD) experiments at
temperatures in the range 100-200 °C, these researchers reported the formation of S8
after about 10 minutes from the start of the measurement (Majuste et al., 2013). The
S8 peaks were matched with S8 from the Crystallography Open Database (COD) [96901-1363]. All the peaks which are not labelled are either for quartz or for
chalcopyrite, both of which are available in abundance.
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Figure 93. Diffraction patterns of the first 20 scans showing the changes as a function of time for
2-theta between 2° and 10°. Leaching conditions: pH 1.5, 15 g/L Fe3+, 100 ppm Ag, 70 °C.

Only newly formed peaks are indicative of new surface phases growing. Therefore, it
is only such newly formed peaks which will be discussed. It is also observed in Figure
94 that there were several new peaks that were formed in the 2q region 10-20°. Most
of the new peaks which were formed were matched to the elemental sulfur (S8) [COD
96-901-1363]. As observed before, the S8 is formed after 8-10 minutes from the start
of the test. In addition to the elemental sulfur, there was also formation of the nonstoichiometric sulfide, digenite (Cu17S9) [COD 96-900-0080].
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Figure 94. Diffraction patterns of the first 20 scans showing the changes as a function of time for
2-theta between 10° and 20°. Leaching conditions: pH 1.5, 15 g/L Fe3+, 100 ppm Ag, 70 °C.

As an example, when the 20th scan is looked at more closely, it can be revealed that
there were some peaks that could not be assigned to chalcopyrite but were a good fit
for digenite. Figure 95 shows such peaks which were attributed to the digenite (Cu17S9)
and these peaks are marked as D. The detection of this phase is in good agreement
with the SEM results (Section 5.3.3.2) as well as the TEM results (Section 5.4.2.2).
The TEM and XPS results suggested the presence of a Cu-rich phase on the surface.
The in-situ results confirm that a Cu-rich phase in the form of digenite is most likely
formed as an intermediate phase during the leaching of chalcopyrite in the presence of
Ag.
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Figure 95. The diffraction pattern for the 20th scan. It shows the presence of the nonstoichiometric sulfide digenite (Cu17S9). Leaching conditions: pH 1.5, 15 g/L Fe3+, 100 ppm Ag,
70 °C.

However, the diffraction patterns for the first 20 scans (Figure 94) suggest that the
digenite was present from the start of the measurements. It is clear therefore, that the
digenite was formed even before the measurements were initiated. The most likely
explanation is that the digenite formed in the short period between setting up the
experiment and measurement. However, it is quite clear from Figure 93 and Figure 94
that the S8 is only detected much later than the digenite.
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Figure 96. Diffraction patterns of the first 20 scans showing the changes as a function of time for
2-theta between 20° and 30°. Leaching conditions: pH 1.5, 15 g/L Fe3+, 100 ppm Ag, 70 °C.

Figure 96 shows the diffraction patterns for the first 20 scans in the 2q range 20-30°.
As shown in Figure 93 and Figure 94, the figure also shows that elemental sulfur
begins to form after about 10-12 minutes into the test. The formed sulfur persists as
the test progresses. In this 2q range, there are 3 peaks which have been assigned to
elemental sulfur. As before, the unlabelled peaks are for chalcopyrite and quartz.
Attempting to label these peaks would be pointless.
5.6.4

Summary of in-situ chalcopyrite leaching

Several in-situ leaching tests were conducted using synchrotron radiation. Interesting
results were obtained when chalcopyrite was leached in a solution of 15 g/L Fe3+,
100 ppm Ag at pH 1.5 and 70 °C. The diffraction data revealed that after in the first 810 minutes of data collection, there was formation of elemental sulfur. The sulfur so
formed persisted to the end of the test. At the same time, there was also a significant
amount of unleached chalcopyrite that remained. This is based on the presence of
chalcopyrite peaks throughout the test. This is not surprising because the duration of
the test was short, as such there was only a partial leaching of chalcopyrite and not
complete leaching.
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In addition to the formation of elemental sulfur, the diffraction data suggested the
presence of what is possibly digenite (Cu17S9). Interestingly, however is the fact that
this digenite appears to be present on the surface very early into the leaching test. The
digenite is therefore formed very rapidly, possibly during the time between setting up
the test and initiating measurements. These results therefore suggests the formation of
intermediate Cu-rich sulfides such as digenite in the early stages of leaching. However,
it has not been confirmed in the in-situ test whether this Cu-rich sulfide phase
contributes to chalcopyrite passivation or not.

5.7 References
Acres, R., Harmer, S., Beattie, D., 2010. Synchrotron XPS studies of solution exposed
chalcopyrite,

bornite,

and

heterogeneous

chalcopyrite with

bornite.

International Journal of Mineral Processing, 94(1), 43-51
Anthony, M. T., Seah, M. P., 1984. XPS: Energy calibration of electron spectrometers.
1 - An absolute, traceable energy calibration and the provision of atomic
reference line energies. Surface and Interface Analysis 6(3), 95-106.
Asami, K., 1976. A precisely consistent energy calibration method for X-ray
photoelectron spectroscopy. Journal of Electron Spectroscopy and Related
Phenomena 9(5), 469-478.
Bird, R. J., Swift, P., 1980. Energy calibration in electron spectroscopy and the redetermination of some reference electron binding energies. Journal of Electron
Spectroscopy and Related Phenomena, 21(3), 227-240.
De Marco, R., Bailey, S., Jiang, Z. T., Morton, J., Chester, R., 2006. An in situ
chronoamperometry/synchrotron radiation grazing incidence X-ray diffraction
study of the electrochemical oxidation of pyrite in chloride media.
Electrochemistry Communications 8(10), 1661-1664.
Farquhar, M. L., Wincott, P. L., Wogelius, R. A., Vaughan, D. J. 2003.
Electrochemical oxidation of the chalcopyrite surface: an XPS and AFM study
in solution at pH 4. Applied Surface Science 218(1), 34-43.
Ferraria, A.M., Carapeto, A.P., do Rego, A.M.B., 2012. X-ray photoelectron
spectroscopy: Silver salts revisited. Vacuum 86(12), 1988-1991.
327

Fuggle, J. C., Källne, E., Watson, L. M., Fabian, D. J., 1977. Electronic structure of
aluminium and aluminium-noble-metal alloys studied by soft-x-ray and x-ray
photoelectron spectroscopies. Physical Review B 16(2), 750.
Gaarenstroom, S.W., Winograd, N., 1977. Initial and final state effects in the ESCA
spectra of cadmium and silver oxides. The Journal of Chemical Physics 67(8),
3500-3506.
Garrels, R. M., Christ, C. L., 1965. Solutions, minerals, and equilibria.
Ghahremaninezhad, A., Dixon, D. G., Asselin, E., 2013. Electrochemical and XPS
analysis of chalcopyrite (CuFeS2) dissolution in sulfuric acid solution.
Electrochimica Acta, 87 97-112.
Giannuzzi, L. A., Stevie, F. A. (1999). A review of focused ion beam milling
techniques for TEM specimen preparation. Micron 30(3), 197-204.
Goodhew, P. J., Humphreys, J., Beanland, R., 2000. Electron microscopy and analysis.
CRC Press.
Hammond, J. S., Gaarenstroom, S. W., Winograd, N., 1975. X-ray photoelectron
spectroscopic studies of cadmium-and silver-oxygen surfaces. Analytical
Chemistry 47(13), 2193-2199.
Hedman, J., Klasson, M., Nilsson, R., Nordling, C., Sorokina, M. F., Kljushnikov, O.
I., Nemnonov, S. A., Trapeznikov, V. A., Zyryanov, V. G., 1971. The
electronic structure of some palladium alloys studied by ESCA and X-ray
spectroscopy. Physica Scripta 4(4-5), 195.
Hegde, R. I., Sainkar, S. R., Badrinarayanan, S., Sinha, A. P. B., 1981. A study of
dilute tin alloys by X-ray photoelectron spectroscopy. Journal of Electron
Spectroscopy and Related Phenomena 24(1), 19-25.
Hoflund, G. B., Weaver, J. F., Epling, W. S., 1994. Ag Foil by XPS. Surface Science
Spectra 3(2), 151-156.
Hoflund, G. B., Hazos, Z. F., Salaita, G. N., 2000. Surface characterization study of
Ag, AgO and Ag2O using x-ray photoelectron spectroscopy and electron
energy-loss spectroscopy. Physical Review B 62(16), 126-133.
Hollander, J. M., Jolly, W. L., 1970. X-ray photoelectron spectroscopy. Accounts of
Chemical Research 3(6), 193-200.
Jin, H. H., Shin, C., Kwon, J., 2010. Fabrication of a TEM sample of ion-irradiated
material using focused ion beam micro processing and low-energy Ar ion
milling. Journal of Electron Microscopy 59(6), 463-468.
328

Johansson, G., Hedman, J., Berndtsson, A., Klasson, M., Nilsson, R. J., 1973. Journal
of Electron Spectroscopy and Related Phenomena 2, 295.
Kaushik, V. K. (1991). XPS core level spectra and Auger parameters for some silver
compounds. Journal of Electron Spectroscopy and Related Phenomena 56(3),
273-277.
Klauber, C., Parker, A., Van Bronswijk, W., Watling, H.R., 2001. Sulfur speciation of
leached chalcopyrite surfaces as determined by X-ray photoelectron
spectroscopy. International Journal of Mineral Processing 62, 65–94.
Lingyin, L., Cao, X., Yu, F., Yao, Z., Xie, Y., 2003. G1 dendrimers-mediated
evolution of silver nanostructures from nanoparticles to solid spheres. Journal
of Colloid and Interface Science 261(2), 366-371.
Liu, Y., Jordan, R. G., Qiu, S. L., 1994. Electronic structures of ordered Ag-Mg alloys.
Physical Review B 49(7), 4478.
Majuste, D., Ciminelli, V., Osseo-Assare, K., Dantas, M., Magalhaes-Paniago, R.,
2012. Electrochemical dissolution of chalcopyrite: Detection of bornite by
synchrotron small angle X-ray diffraction and its correlation with hindered
dissolution process. Hydrometallurgy, 111, 114-123
Majuste, D., Ciminelli, V. S. T., Eng, P. J., Osseo-Asare, K., 2013. Applications of in
situ synchrotron XRD in hydrometallurgy: Literature review and investigation
of chalcopyrite dissolution. Hydrometallurgy 131, 54-66.
Martin, J.W., 2003. X-Ray Probes for Surface Analysis (XPS or ESCA). In The Local
Chemical Analysis of Materials, 9, 21-38. Pergamon Material Series , Elsevier.
McIntyre, N.S., Zetaruk, D.G., 1977. X-ray photoelectron spectroscopic studies of iron
oxides. Analytical Chemistry 49(11), 1521–1529.
Moulder, J. F., 1992. Handbook of X-ray photoelectron spectroscopy: a reference book
of standard spectra for identification and interpretation of XPS data (p. 261). J.
Chastain, and R. C. King (Eds.). Eden Prairie, Minnesota: Physical Electronics
Division, Perkin-Elmer Corporation.
Nesbitt, H. W., Muir, I. J., 1998. Oxidation states and speciation of secondary products
on pyrite and arsenopyrite reacted with mine waste waters and air. Mineralogy
and Petrology 62(1-2), 123-144.
Nicol, M. J., 2017. The use of impedance measurements in the electrochemistry of the
dissolution of sulfide minerals. Hydrometallurgy 169, 99-102.

329

Nyholm, R., Martensson, N., 1980. Core level binding energies for the elements ZrTe (Z= 40-52). Journal of Physics C: Solid State Physics 13(11), L279.
O'Shea, K. J., McGrouther, D., Ferguson, C. A., Jungbauer, M., Hühn, S., Moshnyaga,
V., MacLaren, D. A., 2014. Fabrication of high quality plan-view TEM
specimens using the focused ion beam. Micron 66, 9-15.
Parry-Jones, A. C., Weightman, P., Andrews, P. T., 1979. The M4, 5N4, 5N4, 5 Auger
spectra of Ag, Cd, In and Sn. Journal of Physics C: Solid State Physics 12(8),
1587.
Parker, A., Klauber, C., Kougianos, A., Watling, H., van Bronswijk, W., 2003. An Xray photoelectron spectroscopy study of the mechanism of oxidative
dissolution of chalcopyrite. Hydrometallurgy 71(1), 265-276.
Pearce, C., Vaughan, D., Henderson, C., van der Laan, G., 2006. Copper oxidation
state in chalcopyrite: Mixed Cu d9 and d10 characteristics. Geochimica et
Cosmochimica Acta 70(18), 4635–4642.
Reed, S. J. B., 2005. Electron microprobe analysis and scanning electron microscopy
in geology. Cambridge University Press.
Romand, M., Roubin, M., Deloume, J. P., 1978. ESCA studies of some copper and
silver selenides. Journal of Electron Spectroscopy and Related Phenomena
13(3), 229-242.
Sandstrom, A., Shchukarev, A., Paul, J., 2005. XPS characterisation of chalcopyrite
chemically and bio-leached at high and low redox potential. Minerals
Engineering 18, 505-515.
Schoen, G., 1972. High resolution Auger electron spectroscopy of metallic copper.
Journal of Electron Spectroscopy and Related Phenomena 1(4), 377-387.
Schoen, G., Tummavuori, J., Lindström, B., Enzell, C. R., Swahn, C. G., 1973. ESCA
studies of Ag, Ag2O and AgO. Acta Chemica Scandinavica 27, 2623-2633.
Seah, M. P., Smith, G. C., Anthony, M. T., 1990. AES: Energy calibration of electron
spectrometers. I - an absolute, traceable energy calibration and the provision of
atomic reference line energies. Surface and Interface Analysis 15(5), 293-308.
Seah, M. P., Gilmore, I. S., Beamson, G., 1998. XPS: binding energy calibration of
electron spectrometers 5 - re-evaluation of the reference energies. Surface and
Interface Analysis 26(9), 642-649.

330

Shalvoy, R. B., Fisher, G. B., Stiles, P. J., 1977. Bond ionicity and structural stability
of some average-valence-five materials studied by x-ray photoemission.
Physical Review B 15(4), 1680.
Turner, N. H., Murday, J. S., Ramaker, D. E., 1980. Quantitative determination of
surface composition of sulfur bearing anion mixtures by Auger electron
spectroscopy. Analytical Chemistry 52(1), 84-92.
Yang, Y., Harmer, S., Chen, M., 2015. Synchrotron-based XPS and NEXAFS study
of surface chemical species during electrochemical oxidation of chalcopyrite.
Hydrometallurgy 156, 89-98.
Wagner, C. D., Riggs W. M., Davis, L. E., Moulder, J. F., Muilenberg G. E., 1979.
Handbook of X-ray photoelectron spectroscopy. Perkin-Elmer. Minnesota.
Wang, J., Gan, X., Zhao, H., Hu, M., Li, K., Qin, W., Qiu, G., 2016. Dissolution and
passivation mechanisms of chalcopyrite during bioleaching: DFT calculation,
XPS and electrochemistry analysis. Minerals Engineering 98, 264-278.
Warren, G., Wadsworth, M., El-Raghy, S., 1982. Passive and transpassive anodic
behaviour of chalcopyrite in acid solutions. Metallurgical Transactions B,
13(4), 571-579.
Weightman, P., Andrews, P. T., 1980. The influence of the 4d bandwidth on the M4,
5N4, 5N4, 5 Auger spectra of Ag in MgAg and AlAg alloys. Journal of Physics
C: Solid State Physics 13(18), 3529.
Williams, D. B., Carter, B. C., 2009. Transmission Electron Microscopy. A textbook
for Materials Science. Springer.
Yin, Q., Kelsall, G., Vaughan, D., England, K., 1995. Atmospheric and
electrochemical oxidation of the surface of chalcopyrite (CuFeS2). Geochimica
et Cosmochimica Acta 59(6), 1091–1100.
Zhao, H., Wang, J., Tao, L., Cao, P., Yang, C., Qin, W., Qiu, G., 2017. Roles of
oxidants and reductants in bioleaching system of chalcopyrite at normal
atmospheric pressure and 45 °C. International Journal of Mineral Processing
162, 81-91.

331

Chapter 6. The synergy of silver
and other additives during
leaching of chalcopyrite
The objectives of this chapter are:
•

To validate the synergistic effects of silver and other additives on copper
extraction from chalcopyrite.

•

To explain the observed leaching results in terms of the processes taking place
on the surface.

•

To propose the leaching mechanisms of chalcopyrite in the presence of silver
and other synergistic additives.
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6.1 Introduction
The catalytic effect of silver on chalcopyrite leaching in the presence of possible
synergistic additives was systematically investigated. The possible synergistic
additives studied include ethylene glycol, chloride and wetting agent. The ore
described in Chapter 2 (Section 2.2.2) was used to investigate the leaching behaviour
of chalcopyrite in different sulfate solutions. The leaching protocol used in the study
is as described in Chapter 2 (Section 2.6). The leaching solutions were formulated so
that they closely resemble the composition of recycle streams in practical heap
leaching operations.
The mineralogical transformation of pure chalcopyrite during leaching in these
solutions was also studied by a combination of x-ray diffraction (XRD) and scanning
electron microscopy (SEM). For XRD analysis, some leaching tests were carried out
chalcopyrite in shaker flasks.as described in Chapter 2 (Section 2.6.2).
This chapter presents the results of leaching chalcopyrite in sulfate solutions of
different compositions. The ore used in the leaching tests was milled to a p80 of 38
µm and consisted of 2.1% chalcopyrite.

6.2 The effect of silver dosage
As a starting point, a few tests were carried out on chalcopyrite ore in acidic sulfate
solutions in the presence of silver to validate the effect of silver concentration on the
extent of chalcopyrite leaching. This was done by carrying out chalcopyrite leaching
tests in sulfate solutions containing different concentrations of silver. To make
comparisons easier to make, a test was also conducted in the absence of Ag. This is
the baseline test.
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Figure 97. The effect of different Ag dosages on the Cu extraction from chalcopyrite ore.
Baseline composition: 25 g/L total Fe; pH 1.2; 50 °C.

Figure 97 shows that in the absence of Ag, the Cu extraction was less than 20%. In the
presence of 0.02 g/L Ag, the final Cu extraction increased to about 36%. However, the
final Cu extraction quickly increased to over 90% when the Ag dosage was increased
to 0.1 g/L. Almost 100% Cu extraction is achieved when the Ag dosage is increased
to 0.5 g/L.
These results show that at low Ag dosage (0.02 g/L), the benefit of Ag was relatively
small. A fivefold increase in the Ag dosage results in over 90% Cu extraction. A
further fivefold increase in Ag dosage results in almost full Cu extraction. However,
in practice, it would not be economically viable to use such high Ag dosages owing
to the costs of Ag. The potential benefit of low Ag dosage (0.02 g/L) used in
combination with other cheaper additives was therefore investigated.

334

6.3 The effect of wetting agent on chalcopyrite leaching
As described in the previous paragraph, the synergy between low dosages of Ag and
other potential synergistic additives was investigated. Some organic surfactants can
alter the chalcopyrite surface properties, rendering the surface more hydrophilic. The
effect of some organic surfactants have been investigated previously in the leaching of
copper sulfide ores (Falk, 1978; Mueller, 1979; Falk and Mueller, 1981). The first
additive to be tested was a wetting agent (BASF RD 203322), which was believed to
possess properties similar to some of the surfactants tested by other researchers
previously.
6.3.1

The leaching of chalcopyrite in the presence of wetting agent

The effect of the wetting agent on the Cu extraction from the chalcopyrite given in
Figure 98 shows that significantly more Cu is extracted in the presence of the wetting
agent.

Figure 98. Cu extraction as a function of wetting agent addition. WA = wetting agent (BASF RD
203322). Baseline solution composition: 25 g/L total Fe; pH 1.2; 50 °C.
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Figure 98 suggests that a significant synergistic effect exists between Ag and the
wetting agent. The addition of wetting agent alone at 1 g/L results in approximately
54% extraction in 10 days. However, when Ag and the wetting agent are both present,
there is a significant increase in the Cu extraction.
Three dosages of wetting agent were tested. Figure 98 indicates that in the initial
stages, the presence of 0.02 g/L Ag and 5 g/L wetting agent gives higher extraction
than lower dosages of the wetting agent. Over 60% Cu is extracted in 1 day using 5
g/L wetting agent compared to 39% using 1 g/L wetting agent and 43% using 0.2 g/L
wetting agent. However, over 10 days there was no substantial difference in the extent
of Cu extraction for all the dosages of the wetting agent tested. All three dosages of
wetting agent in the presence of 0.02 g/L Ag gave a final Cu extraction of
approximately 85% after 10 days of leaching.
Previous studies on the effect of surfactants on chalcopyrite leaching have shown that
non-ionic surfactants have a positive effect on Cu extraction (Sandoval et al., 1990). It
was reported that during leaching in acid and ferric sulfate media, chalcopyrite surface
wettability changes thereby contributing to passivation (Sandoval et al., 1990). The
present study has revealed that an increased Cu extraction can be achieved in the
presence of a wetting agent, and a further increase in Cu extraction can be achieved in
the presence of both a wetting agent and Ag ions. It is likely that the wetting agent
promotes hydrophilic behaviour of the chalcopyrite surface. When it becomes less
hydrophobic, there is improved contact with the leach solution, which allows the Ag
in solution to more effectively interact with the surface and facilitate conductivity and
the leaching of chalcopyrite. When the wetting agent is present without the addition of
Ag, the wetting agent facilitates contact of the chalcopyrite surface with the Fe3+ ions
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in solution. This alone allows the Fe3+ to significantly better oxidise the chalcopyrite
leading to improved extraction than that observed under the baseline conditions.
6.3.2

The characterisation of chalcopyrite leached in the presence of a wetting agent

The XRD analyses of the chalcopyrite residues produced after leaching in 25 g/L total
Fe, pH 1.2 and temperature of 50 °C, in the presence of 1 g/L wetting agent but with
no Ag, are shown in Figure 99(a). Under these conditions, elemental sulfur is detected
only from day 2. The sulfur is then persisting in the residues up to day 10. However,
it appears that the sulfur is not produced in great quantities, as suggested by the low
intensities of the XRD peaks for S. On the other hand, Figure 99(b) shows the
diffraction patterns for the residues after leaching the chalcopyrite ore in the presence
of 0.2 g/L wetting agent and 0.02 g/L Ag. The main XRD peak here corresponding to
elemental S (2ɵ = 23.08°) is observed at day 1. The production of S signifies the
dissolution of chalcopyrite. Similar observations were made after leaching the
chalcopyrite ore in the presence of 1 g/L wetting agent and 0.02 g/L Ag (Figure 99
(c)). However, after leaching the ore in the presence of 5 g/L wetting agent and 0.02
g/L Ag (Figure 99 (d)), there are strong XRD peaks for S observed from day 1. The S
peaks then remain sharp throughout the leaching period.
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Figure 99. XRD analysis of chalcopyrite leach residues after leaching in 25 g/L total Fe. pH =1.2, 50 °C. S
= sulfur (PDF 00-008-0247); C = chalcopyrite (PDF 00-025-0288); Q = quartz (PDF 00-001-0649).
Additives present: (a) 1 g/L WA (b) 0.02 g/L Ag; 0.2 WA (c) 0.02 g/L Ag; 1 g/L (d) 0.02 g/L Ag; 5 g/L WA.

It is important from the leaching point of view to recognise that under certain
conditions, the chalcopyrite surface becomes hydrophobic (Sandoval et al., 1990). It
has been reported that the chalcopyrite surface becomes increasingly hydrophobic
under oxidising conditions (Heyes and Trahar, 1977). Indeed, the anodic oxidation of
the chalcopyrite surface was identified as the reason why chalcopyrite changes from
hydrophilic to hydrophobic (Gardner and Woods, 1979). In such a transformation,
sulfur was considered to be a critical factor. As observed in Figure 99 elemental sulfur
is produced during leaching and it could be expected that this elemental sulfur would
render the chalcopyrite surface hydrophobic, reducing contact between the unleached
mineral and the silver ion conveying liquor phase. However, leaching tests conducted
in the presence of wetting agent (Tapera et al., 2018) revealed that the copper
extraction was greatly improved in the presence of the wetting agent. If elemental
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sulfur was present on the surface during the leaching, it is therefore possible that the
wetting agent introduces a counter effect to the sulfur, making the surface hydrophilic
and allowing contact of the leach solution with the mineral surface.

6.4 The effect of ethylene glycol on chalcopyrite leaching
The other additive which was investigated is ethylene glycol. The results obtained after
leaching the chalcopyrite ore for 10 days in solutions containing ethylene glycol are
given in Figure 100.

Figure 100. Cu extraction as a function of EG addition Baseline solution composition: 25 g/L
total Fe; pH 1.2; 50 °C. EG = ethylene glycol.

Figure 100 shows that there was a significant increase in the extraction of Cu when
ethylene glycol (EG) was added to the leach solution. It is observed that on its own,
0.2 g/L EG enhances the Cu extraction from the 19% observed in the baseline case to
achieve a Cu extraction of about 35%. The extent of Cu extraction was increased
further when the EG was introduced to the system together with the Ag. For example,
it was also observed that 0.02 g/L Ag enhanced the Cu extraction to about 36% (Figure
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97), however addition of 0.02 g/L Ag and 0.2 g/L EG together, increased the final Cu
extraction to 55% after 10 days. The addition of 0.02 g/L Ag and 5 g/L EG gave a
similar Cu extraction. However, for 0.02 g/L Ag and 1 g/L EG, the Cu extraction was
slightly lower at around 48%. Nevertheless, it is quite evident that the introduction of
EG enhances the Cu extraction in the presence of relatively low Ag dosages and these
two reagents appear to have a greater effect when they are present together than when
they are present individually and a synergistic relationship appears to exist between
them. However, it is also observed that increasing the dosage of EG beyond 0.2 g/L
does not appear to have a clear positive effect.
Other studies have reported that using ethylene glycol improves chalcopyrite leaching
in the presence of hydrogen peroxide (Mahajan et al., 2007; Misra and Fuerstenau
2003; Solis-Marcial and Lapidus, 2013). It was recently reported that the improved
leaching of chalcopyrite when ethylene glycol is present is possibly due to the ability
of ethylene glycol to stabilise Cu as Cu+ (Barrera-Mendoza and Lapidus, 2015).
Another possible role of ethylene glycol is that it works as a surfactant to disperse
elemental sulfur so that it does not form a passivating layer (Mahajan et al., 2007).
The synergy observed in the presence of both Ag and ethylene glycol possibly occurs
because the added Ag is present on the chalcopyrite surface in the metallic form. It
was recently reported that metallic silver can become incorporated into the surface
layer and enhance the conductivity of the surface layer (Tapera and Nikoloski, 2016;
Nikoloski et al., 2017). With regards to improved conductivity, it was also reported
that tiny amounts of silver increase the conductivity of the chalcopyrite surface layer,
presumably a sulfur layer, making it almost conductive (Nazari et al., 2012).
It is possible that in the present study, the presence of Ag and ethylene glycol together
enhances the formation of metallic silver in the form of silver nanoparticles (AgNPs).
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Ethylene glycol is commonly used in the synthesis of AgNPs (Xia et al., 2003; Wiley
et al., 2005). The formation of AgNPs occurs due to the reduction of Ag+ by the
ethylene glycol as described in Section 4.1.2. The characterisation of chalcopyrite
surfaces after leaching in different solutions in the presence of ethylene glycol has
been described in Section 5.3 and Section 5.4. The proposed formation of AgNPs in
the chalcopyrite leach system under these conditions appears to facilitate the formation
of metallic silver over silver sulfide. The metallic silver formed in this way may then
improve the conductivity of the surface layer. In addition to the improvement in
surface conductivity, the presence of metallic silver in contact with chalcopyrite may
also enable or enhance some galvanic effects. It was reported that the contact between
conducting and semi-conducting minerals results in the establishment of a galvanic
effect (Koleini et al., 2011). Chalcopyrite is a semi-conducting mineral, therefore, the
presence of metallic Ag in contact with the chalcopyrite may result in such galvanic
effects taking place.

6.5

The effect of chloride ions on chalcopyrite leaching

6.5.1

The leaching of chalcopyrite in the presence of chloride ions

There has been growing interest in gaining a better understanding of leaching in
combined sulfate-chloride media. As a result of water restrictions in some locations,
the use of saline and seawater is being considered as an option for hydrometallurgical
operations (Veloso et al., 2016). It is therefore essential to gain a better understanding
of combined sulfate-chloride leaching as the presence of chloride ions has important
implications on leaching and downstream processes (Veloso et al., 2016).
Investigations on chloride-assisted bioleaching of chalcopyrite revealed that chloride
ions enhanced chalcopyrite leaching at 67 °C and 87 °C (Kinnunen and Puhakka,
2004). In that study, it was also reported that 0.25 g Cl-/gram of concentrate increased
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Cu extraction from 60% to 100% in 2 weeks at 90 °C. These authors observed that
chloride ions had a negative effect on chalcopyrite leaching at 50 °C. In a different
study carried out at 95 °C, it was reported that adding NaCl to a sulfate leach increased
the extent of Cu extraction from 45% in the absence of chloride to over 90% in the
presence of 1-2 M NaCl (Carneiro and Leao, 2007). Chloride ions are believed to
promote the formation of a porous sulfur product as opposed to a dense sulfur layer
(Kinnunen and Puhakka, 2004). Such a porous sulfur product is believed to have a
weaker passivation effect (Lu et al., 2000). Chalcopyrite is therefore expected to leach
more rapidly in the presence of chloride ions than in their absence (Lu et al., 2000).
However, it has also been reported that sulfur is not responsible for passivation of
chalcopyrite (Nicol 2017) and such a conclusion implies that the morphology of the S
has no effect on chalcopyrite leaching. The pre-treatment of copper sulfide ores with
NaCl and H2SO4 followed by leaching in a NaCl-H2SO4-O2 medium was reported to
enhance Cu extraction (Herreros and Vinals, 2007). One theoretical benefit of
introducing chloride ions to the leach solution has been suggested to be the ability of
Cl- to complex Cu+ ions and as a result, increase the Cu+ solubility (Carneiro and Leao,
2007). However, it is considered unlikely this would occur in practice due to the highly
oxidising conditions used in leaching (Carneiro and Leao, 2007).
The effect of the mixed sulfate-chloride medium on chalcopyrite leaching was
investigated in the presence of low levels of silver. Figure 101 shows the Cu extraction
for different concentrations of Cl- ions.
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Figure 101. Cu extraction as a function of Cl- addition. Baseline solution composition: 25 g/L
total Fe; pH 1.2; 50 °C.

The figure shows that addition of 5 g/L Cl- ions to the leach solution together with
0.02 g/L Ag results in significant increase in the Cu extraction, to over 60% compared
the baseline case. However, as the Cl- ion concentration is reduced, the final Cu
extraction also decreases. The final Cu extraction in the presence of 1 g/L Cl- ions was
about 45% while it was 51% in the presence of 0.2 g/L Cl- ions. The presence of 0.02
g/L Ag together with each of 0.2 g/L, 1 g/L or 5 g/L Cl- gave Cu extractions higher
than in the presence of Ag or Cl- individually. Such results suggest that there is a
possible synergistic effect from the chloride ions and the Ag.
In the chalcopyrite structure, Cu exists in the +1 state (Pearce et al., 2006). It should
therefore be easier to get Cu into solution in the Cu(I) state without the oxidation to
Cu(II) required to solubilise in the sulfate system. Therefore, the presence of chloride
ions in the sulfate solution should help to solubilise Cu in the Cu(I) resulting in
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enhancement in the leaching rate. In addition, the observed enhancement may be
related to a functioning Cu(II)/Cu(I) couple mediating the redox process under such
conditions in parallel with the Fe(III)/Fe(II). Given the highly oxidising leaching
environment, the Cu(I) would not be expected to persist and would likely rapidly
convert to the Cu(II) state which would then be stabilised by the sulfate anion.
However, it has been observed that at very high chloride concentrations the oxidation
of Cu(I) is greatly reduced (Akilan and Nicol, 2016) which may stabilise the Cu ions
in the Cu(I) state.
It is plausible that a synergy exists between the chloride and the Ag due to the
occurrence of the above reactions simultaneously. An increase in the Cu extraction
when Cl- ions are present has been observed previously (Lu et al., 2000; Herreros and
Vinals, 2007). The present study has shown a potentially significant benefit of having
chloride in a silver-catalysed leach. This is contrary to a previous study (Munoz et al.,
2007) which observed that the presence of up to 5 g/L chloride ions in a silvercatalysed leach had a negative effect on Cu extraction. In that case it was attributed to
the formation of a silver complex that is unable to react with the mineral surface. In
that study, only about 10% Cu was extracted in 15 days. It has also been reported that
when the Cl- concentration is not high enough, there is a possibility of precipitating
CuCl (Carneiro and Leao, 2007). However this was not observed in the present study.
6.5.2
6.5.2.1

The characterisation of chalcopyrite leached in the presence of chloride ions
Effect of 0.2 g/L chloride

The XRD for the leach residues in a solution of 25g/L total Fe; 0.02 g/L Ag; 0.2 g/L
Cl-; pH 1.2 and at 50 °C is given in Figure 102.
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Figure 102. The XRD analysis of shaker flask residues showing the transformation of chalcopyrite as a
function of time. Solution composition: 25g/L total Fe; 0.02 g/L Ag; 0.2 g/L Cl-; pH 1.2 and at 50 °C. S =
sulfur (PDF 00-008-0247); C = chalcopyrite (PDF 00-025-0288); Q = quartz (PDF 00-001-0649).

Figure 102 shows the XRD spectra for chalcopyrite as a function of time for 2q values
between 20 and 40° and displays some interesting features. There are new peaks which
appear as early as from day 1 of leaching. Over time, more peaks become evident
(labelled S on the image) which are a good match for elemental sulfur in the ICDD
database (PDF 00-008-0247). It is also observed that the intensities of the sulfur peaks
increase with time, which suggests that there is increased production of sulfur. In fact,
by day 10, chalcopyrite appears to be the minor phase as indicated by Figure 103.
Figure 103 shows only the XRD pattern for chalcopyrite on day 10 between 2q values
of 20 to 40° as well as the reference peaks for elemental sulfur and chalcopyrite from
the ICDD database.
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Figure 103. The XRD pattern of the chalcopyrite residue after leaching in 25g/L total Fe; 0.02 g/L Ag; 0.2
g/L Cl-; pH 1.2 and at 50 °C for 10 days.

The increased sulfur production is an indication that there is an increased dissolution
of chalcopyrite. Therefore, as a result, the presence of 0.2 g/L Cl- promotes the
dissolution of chalcopyrite with the production of sulfur.
6.5.2.2

Effect of 1 g/L chloride

The transformation of chalcopyrite as a function of time when the chloride
concentration is increased to 1 g/L is shown in Figure 104. Similar to the results
observed in the experiment with 0.2 g/L, there are indications that there is formation
of sulfur at day 1. By day 2, there are more obvious sulfur peaks, indicating that there
was an increase in the formation of sulfur.
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Figure 104. The XRD analysis of shaker flask residues showing the transformation of chalcopyrite as a
function of time. Solution composition: 25g/L total Fe; 0.02 g/L Ag; 1 g/L Cl-; pH 1.2 and at 50 °C. S =
sulfur (PDF 00-008-0247); C = chalcopyrite (PDF 00-025-0288); Q = quartz (PDF 00-001-0649).

The sulfur is believed to be associated with the dissolution of chalcopyrite.
6.5.2.3

Effect of 5 g/L chloride

The effect of increasing the chloride ions to 5 g/L is shown in Figure 105. As opposed
to Figure 102 and Figure 104, there is evidence of less sulfur formation. The intensity
of the sulfur peaks is significantly reduced relative to the chalcopyrite peaks, while
some of the sulfur peaks that were observed in the presence of 0.2 g/L or 1 g/L are not
observed when the chloride concentration is 5 g/L. It is also relevant that during the
leaching of a chalcopyrite ore, greater copper extraction was observed in the presence
of 5 g/L Cl- (Tapera et al., 2018). The formation of less elemental sulfur in the presence
of 5 g/L Cl- could have contributed to the greater extent of copper extraction.
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Figure 105. The XRD analysis of shaker flask residues showing the transformation of chalcopyrite as a
function of time. Solution composition: 25g/L total Fe; 0.02 g/L Ag; 5 g/L Cl-; pH 1.2 and at 50 C. S =
sulfur (PDF 00-008-0247); C = chalcopyrite (PDF 00-025-0288); Q = quartz (PDF 00-001-0649).

6.5.2.4

SEM/EDS analysis of leach residues

Some of the residues from the shaker flasks were analysed by SEM and EDS. The
SEM and EDS results of the day 4 residues for the 0.2 g/l Cl- are shown in Figure 106.

Figure 106. (a) Secondary electron image showing the solid residues after 4 days of chalcopyrite leaching in
25 g/L total Fe; 0.02 g/L Ag; 0.2 g/L Cl-; pH 1.2 and at 50 °C (b) EDS elemental map of the area showing
that S is the dominant element.

Figure 106(a) shows the secondary electron image of the chalcopyrite leach residue
after leaching for 4 days in 25 g/L total Fe; 0.02 g/L Ag; 0.2 g/L Cl-; pH 1.2 and at 50
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°C. Figure 106(b) shows the elemental distribution map of the electron image shown
in Figure 106(a). The elemental map shows that sulfur is the dominant element in the
leach residues. Therefore, as discussed in the preceding paragraphs, the presence of
0.2 g/L Cl- results in the formation of a substantial amount of elemental sulfur. The
area EDS spectrum shown in Figure 107 also confirms that sulfur is the most abundant
element by day 4.

Figure 107. The EDS spectrum showing that the most dominant element is S. chalcopyrite leached for 4
days in 25g/L total Fe; 0.02 g/L Ag; 0.2 g/L Cl- pH 1.2 and at 50 °C

Figure 108 is a secondary electron image showing the morphology of the elemental
sulfur formed on the surface after 4 days of leaching in 25 g/L total Fe; 0.02 g/L Ag;
0.2 g/L Cl-. The sulfur appears relatively porous and does not form a uniform or
compact layer. The detection of elemental sulfur formation is in agreement with
observations reported in the literature (Kinnunen and Puhakka, 2004). It has also been
reported that in addition to the catalytic effect of Ag, the presence of a porous layer of
S further enhances chalcopyrite leaching (Yuehua et al., 2002; Munoz et al., 2007;
Ghahremaninezhad et al., 2015). An earlier publication (Tapera et al., 2018) in the
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present series showed that copper extraction from a chalcopyrite ore in the presence of
5 g/L Cl- was 60%. This was significantly higher than the copper extraction observed
in the presence of 0.2 g/L Cl- which was 51%, or 1 g/L Cl- which was 45%. These
observations corroborate the notion that more copper is extracted from the chalcopyrite
ore when less elemental sulfur is formed as a by-product, as a result of the leaching
reaction.

Figure 108. Secondary electron image showing the porous nature of the elemental sulfur that forms on the
surface of chalcopyrite during leaching in 25g/L total Fe; 0.02 g/L Ag; 0.2 g/L Cl-.

6.5.3

The effect of all additives combined

Figure 109 shows a comparison of the effects of different combinations of additives at
1 g/L of additive in the presence of 0.02 g/L Ag. It is quite clear that of the tested
systems, the most effective combination at this point in time at the given dosage is the
wetting agent plus Ag.
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Figure 109. A comparison of all the additives combined. Baseline solution composition: 25 g/L
total Fe; pH 1.2; 50 °C. WA = wetting agent; EG = ethylene glycol.

The best Cu extraction was obtained using only the wetting agent and Ag. The addition
of a third additive, such as ethylene glycol or Cl- to solutions containing the wetting
agent and Ag gave lower Cu extractions. On the other hand, the individual effects Cland ethylene glycol, in the presence of Ag, appear to be increased by the addition of
the wetting agent.
Whilst the study has demonstrated the existence of certain synergies between low
dosages of Ag with different secondary additives, further studies to optimise these
processes are recommended.

6.6 Conclusions
It has been demonstrated that synergistic relationships exist between Ag and some
additives, resulting in improved Cu extraction. The addition of a wetting agent (BASF
RD 203322) in combination with 0.02 g/L Ag resulted in Cu extractions close to 85%
over 10 days and the extent of Cu extraction was similar for 0.2 g/L, 1 g/L and 5 g/L
wetting agent. This result suggests that low concentrations of the wetting agent are just
as effective as higher concentrations. The use of wetting agent in the absence of Ag
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increased the Cu extraction slightly to 54% compared to 36% for the baseline case.
The wetting agent most likely interacts with the chalcopyrite surface to reduce its
hydrophobicity, which facilitates contact of the chalcopyrite with Ag ions in solution.
The analysis of residues of chalcopyrite during leaching in the presence of a wetting
agent also revealed elemental sulfur was the main product.
The presence of Ag and ethylene glycol together resulted in greater copper extraction
than Ag alone. It is proposed that the ethylene glycol reduces Ag ions to metallic Ag
in the form of nanoparticles. This metallic Ag on the surface is then expected to make
contact with both the unreacted chalcopyrite surface and improve the surface
conductivity of the chalcopyrite by providing a path for electron transfer. Electrons
released from the oxidation of chalcopyrite will be transferred rapidly through the
metallic Ag and reach the Fe3+ in solution. This facilitates faster anodic dissolution of
chalcopyrite. It is also possible that some of the silver nanoparticles dissolve in the
acidified ferric sulfate solution and leave pores on the surface layer (Nikoloski et al.,
2017). A porous layer would ensure that there is continued contact between the
chalcopyrite and the leach solution. It has also been demonstrated that it is possible to
improve copper extraction from chalcopyrite by controlled formation of Ag metal on
the chalcopyrite surface and suppression of the formation of Ag2S. The presence of
EG and Fe ions allows the formation of Ag with a cubic morphology. The leaching
results have shown that Ag and EG together have a positive effect on the Cu leaching
of a chalcopyrite bearing ore. It has also been shown that the combination of Ag and
EG imparts a greater benefit than the use of Ag alone. It is believed that the improved
leaching is due to the presence of better disseminated metallic Ag on the chalcopyrite
surface.
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It has been shown in this study that silver nanoparticles (AgNPs) grow on the
chalcopyrite surface, which result in a higher OCP, corresponding to higher rates of
oxidative reactions. Thus, it implies higher rates of chalcopyrite dissolution in
comparison to the tests involving only Ag+ or only EG in the leaching system.
Therefore, a positive effect on Cu extraction from chalcopyrite is expected when
combining EG and Ag+(aq). The mechanism of the AgNPs formation on the
chalcopyrite surface may be similar to the previously reported coupled oxidation of
EG and reduction of Ag+(aq) to Ag(s).
A combination of FIB, TEM and EDS analysis has also shown the presence of different
phases on the near-surface of a chalcopyrite electrode after treatment in Ag solutions.
The results have shown the presence of a Cu-rich phase as well as an Ag-rich phase,
with very low detectable S. The presence of the Ag, with no detected S confirms the
formation of elemental Ag on the chalcopyrite surface during leaching in Agcontaining solutions. The growth of the AgNPs on the chalcopyrite surface may greatly
reduce the resistance of the surface layer to electron transfer by the creation of high
conductivity paths between the chalcopyrite and the leach solution containing the
oxidising agents. TEM results have provided conclusive evidence that the particles
that form on the surface of chalcopyrite in a silver catalysed leaching system are
composed of elemental silver when EG is present in the solution. The higher OCPs
obtained in the presence of AgNPs show that metallic silver can be effectively
stabilised during the leaching of chalcopyrite. These results suggest that another
mechanism of silver catalysed chalcopyrite dissolution might be plausible. A better
understanding of how the presence of metallic Ag as opposed to Ag2S results in
improved copper extraction from chalcopyrite may also hold the key to the
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development of alternative less expensive catalysts or methods of stimulating the
leaching process.
The study of synergies between Ag and Cl- has shown that Cu extraction is lower at
lower Cl- ion concentrations. The observed increase in Cu extraction at high Clconcentrations suggests that the increase in extraction Cu occurs because of parallel
leaching mechanisms occurring at the same time. It is not immediately clear what such
mechanisms could be. However, one possibility is that the Cl- stabilises Cu in the Cu(I)
state which is easier to achieve than the Cu(II) state. At the same time, the Ag ions
present are also responsible for catalysing the leaching of chalcopyrite by improving
the surface conductivity. It is recommended that further work is carried out to establish
the role of Cl- in such parallel mechanisms.
The presence of low levels of chloride ions (0.2 g/L and 1 g/L chloride) in silver
catalysed chalcopyrite leaching resulted in the production of elemental sulfur. Higher
dosages of chloride (5 g/L) did not result in high elemental sulfur production. The
sulfur produced in the presence of chloride was porous.
The observed synergistic effects between low levels of Ag ions in solution and other
additives have shown that it is possible to enhance the catalytic effect of Ag on
chalcopyrite leaching. It was demonstrated that Ag on its own at low dosages does not
improve chalcopyrite leaching significantly. Similarly, each of the additives tested did
not enhance chalcopyrite leaching on their own as much as they did in the presence of
Ag. This showed that there was better performance due to the presence of synergistic
relationships between Ag and additional additives. Therefore, further studies are
recommended to study how such synergistic relationships can be exploited for
application in heap leaching at an economically viable rate. This can come about using
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minimal quantities of Ag in the presence of additives that form a synergistic
relationship with Ag.

6.7 References
Akilan, C., Nicol, M., J., 2016. Kinetics of the oxidation of iron (II) by oxygen and
hydrogen peroxide in concentrated chloride solutions – A re-evaluation and
comparison with the oxidation of copper (I). Hydrometallurgy, 166, 123-129.
Barrera-Mendoza, G. E., Lapidus, G. T., 2015. The effect of chemical additives on the
electro-assisted reductive pre-treatment of chalcopyrite. Hydrometallurgy,
158, 35-41.
Carneiro, M. F. C., Leão, V. A., 2007. The role of sodium chloride on surface
properties of chalcopyrite leached with ferric sulfate. Hydrometallurgy, 87(3),
73-82.
Falk, R.A., 1978. U.S. Patent No. 4,102,916. Washington, DC: U.S. Patent and
Trademark Office.
Falk, R.A., Mueller, K.F., 1981. U.S. Patent No. 4,266,080. Washington, DC: U.S.
Patent and Trademark Office.
Gardner, J.R., Woods, R., 1979. An electrochemical investigation of the natural
floatability of chalcopyrite. International Journal of Mineral Processing, 6(1),
1-16.
Ghahremaninezhad, A., Radzinski, R., Gheorghiu, T., Dixon, D.G., Asselin, E., 2015.
A model for silver ion catalysis of chalcopyrite (CuFeS2) dissolution.
Hydrometallurgy 155, 95-104.
Herreros, O., Vinals, J., 2007. Leaching of sulfide copper ore in a NaCl–H2SO4–O2
media with acid pre-treatment. Hydrometallurgy 89(3), 260-268.
Heyes, G.W., Trahar, W. J., 1977. The natural flotability of chalcopyrite. International
Journal of Mineral Processing, 4(4), 317-344.
Kinnunen, P.H.M., Puhakka, J.A., 2004. Chloride-promoted leaching of chalcopyrite
concentrate by biologically-produced ferric sulfate. Journal of Chemical
Technology and Biotechnology 79(8), 830-834.

355

Koleini, S. M. J., Aghazadeh, V., Sandstrom, A., 2011. Acidic sulfate leaching of
chalcopyrite concentrates in presence of pyrite. Minerals Engineering, 24,
381-386.
Lu, Z. Y., Jeffrey, M. I., Lawson, F., 2000. An electrochemical study of the effect of
chloride ions on the dissolution of chalcopyrite in acidic solutions.
Hydrometallurgy 56, 145-155.
Mahajan, V., Misra, M., Zhong, K., Fuerstenau, M. C., 2007. Enhanced leaching of
copper from chalcopyrite in hydrogen peroxide-glycol system. Minerals
Engineering, 20, 670-674.
Misra, M., and Fuerstenau, M., 2003. Catalyzed dissolution of copper from sulfurcontaining copper minerals. United States of America Patent 10/528,532. 26
September 2003.
Mueller, K.F., 1979. U.S. Patent No. 4,171,282. Washington, DC: U.S. Patent and
Trademark Office.
Munoz, J. A., Dreisinger, D. B., Cooper, W. C., Young, S. K., 2007b. Silver-catalysed
bioleaching of low-grade ores. Part II: Stirred tank tests. Hydrometallurgy,
88, 19-34.
Nazari, G., Dixon, D.G., Dreisinger, D.B., 2012a. The role of silver-enhanced pyrite
in enhancing the electrical conductivity of sulfur product layer during
chalcopyrite leaching in the Galvanox™ process. Hydrometallurgy 113–114,
177–184.
Nicol, M. J., 2017. The anodic behaviour of chalcopyrite in chloride solutions: Overall
features and comparison with sulfate solutions. Hydrometallurgy 169, 321329.
Nikoloski, A. N., O'Malley, G. P., Bagas, S. J., 2017. The effect of silver on the acidic
ferric sulfate leaching of primary copper sulfides under recycle solution
conditions observed in heap leaching. Part 1: Kinetics and reaction
mechanisms. Hydrometallurgy 173, 258-270.
Pearce, C., Vaughan, D., Henderson, C., van der Laan, G., 2006. Copper oxidation
state in chalcopyrite: Mixed Cu d9 and d10 characteristics. Geochimica et
Cosmochimica Acta 70(18), 4635–4642.

356

Sandoval, S. P., Pool, D. L., Schultze, L. E., 1990. Effect of non-ionic surfactants on
chalcopyrite leaching under dump chemical conditions. Report of
Investigations, US Department of the Interior, Bureau of Mines.
Solis-Marcial, O. J., Lapidus, G. T., 2013. Improvement of chalcopyrite dissolution in
acid media using polar organic solvents. Hydrometallurgy, 131-132, 120-126.
Tapera T., Nikoloski A.N., Sheean, J., 2018. The effect of silver on the acidic ferric
sulfate leaching of primary copper sulfides under recycle solution conditions
observed in heap leaching. Part 2: Synergistic reagents. Hydrometallurgy
179,1-7.
Tapera, T., Nikoloski, A. N., 2016. Silver catalysed leaching of chalcopyrite – an
alternative mechanism. In: Proceedings of Copper 2016, The 9th International
Copper Conference hosted by MMIJ and JMIA, in Kobe, Japan, 13-16
November 2016, 1511-1522.
Veloso, T. C., Peixoto, J. J. M., Pereira, M. S., Leao, V. A., 2016. Kinetics of
chalcopyrite leaching in either ferric sulfate or cupric sulfate media in the
presence of NaCl. International Journal of Mineral Processing, 148, 147-154.
Wiley, B., Sun, Y., Mayers, B., Xia, Y., 2005. Shape-controlled synthesis of metal
nanostructures: the case of silver. Chemistry-A European Journal, 11(2), 454463.
Xia, Y., Yang, P., Sun, Y., Wu, Y., Mayers, B., Gates, B., Yin, Y., Kim, F., Yan, H.,
2003. One-dimensional nanostructures: synthesis, characterization, and
applications. Advanced Materials,15(5), 353-389.
Yuehua, H., Guanzhou, Q., Jun, W. Dianzuo, W., 2002. The effect of silver bearing
catalysts on bioleaching of chalcopyrite. Hydrometallurgy, 64, 81-88.

357

Chapter 7. General discussion and
conclusions
In order to meet the objectives which were set at the onset of this project, several
methodologies were utilised. Chapter 1 describes the importance of copper in the
modern world. The global demand for copper is anticipated to outstrip supply in the
future, unless newer and more cost effective methods of extracting copper from its
ores are developed. It is recognised that chalcopyrite is the most abundant copper
mineral and many chalcopyrite deposits are low-grade. As a consequence of the low
grade of these chalcopyrite deposits, traditional smelting methods are not
economically viable for the extraction of copper from such deposits. Other negative
issues associated with these smelting methods include environmental concerns, high
capital costs associated with new smelters, high energy requirements and the complex
mineralogy of some ores. In addition, some ores are associated with deleterious
elements such as arsenic, which are toxic.
On the other hand, hydrometallurgy has the potential to address some of the concerns
surrounding copper extraction through smelting. However, hydrometallurgical
processes such as heap leaching of chalcopyrite have not gained wide acceptance due
the low rates of reaction, which are believed to come about due to the passivation of
chalcopyrite. The passivation process is believed to limit the rate and extent of leaching
reactions. The passivating layer on chalcopyrite surfaces has been linked to a number
of different phases such as elemental sulfur, polysulfides, iron-deficient sulfides
(copper-rich sulfides) as well as jarosites. However, there is no consensus on which
phase is responsible for the passivating effect. There has not been established a direct
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link between slow reaction and the presence of the phases which have been attributed
to the passivating effects.
This study investigated the literature to establish the current state of understanding of
copper extraction from chalcopyrite by hydrometallurgical processes. It was
established from the literature review that there is no common understanding on the
processes which occur during the leaching of chalcopyrite. It is therefore difficult to
ascertain which surface phases can be attributed to the slow leaching kinetics in sulfate
media. However, it is also acknowledged that appreciable leaching rates have been
obtained in chloride media. However, leaching in the chloride media also presents
other challenges such as higher rates of corrosion compared to leaching in sulfate
media. This means that operating in a chloride environment requires special materials
of construction which introduces extra costs. In addition, downstream processes such
as solvent extraction and electrowinning are more complicated compared to the sulfate
environment. As a result, the present study was mostly focussed on chalcopyrite
leaching in sulfate media. The literature review explored the different leaching
processes including bioleaching, pressure leaching and other novel processes such as
microwave-assisted leaching of chalcopyrite. Factors such as oxidising agent,
potential, pH, agitation, temperature, particle size and sulfur were all determined to
affect the manner in which chalcopyrite leaches in sulfate media.
It has been recognised that to gain a better understanding of the leaching of
chalcopyrite, it is crucial to study the surface transformations which occur on the
surface of chalcopyrite during leaching. Many different researchers have used various
surface analysis techniques to better define the processes which take place on the
surface during leaching. Many different conclusions have been arrived at from these
studies. Phases which were detected on the surface during leaching have included
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elemental sulfur, metal-deficient sulfides as well as jarosites. It was also established
that different terms are used to refer to basically the same thing. For example, Fedeficient sulfides are sometimes referred to as Cu-rich sulfides in some studies while
they are referred to as polysulfides in other studies.
Several leaching mechanisms have also been proposed in the literature. While the
oxidative leaching mechanism is by far the most commonly described leaching
mechanism, other leaching mechanisms have been discussed in the literature. These
include the reductive leaching mechanism and the non-oxidative leaching mechanism.
However, the reductive leaching mechanism has not been widely accepted to the same
level as the oxidative leaching mechanism. On the other hand, the non-oxidative
leaching mechanism has been explored by only a few researchers.
Electrochemistry is one technique which has been applied considerably by many
researchers in the study of chalcopyrite leaching. This arises from the recognition that
chalcopyrite leaching is an electrochemical reaction which involves the exchange of
electrons. This occurs when chalcopyrite gives up two electrons, which can then be
accepted by an oxidising agent, if present. This electron exchange reaction therefore
facilitates leaching of chalcopyrite. It has also been established that when chalcopyrite
is in contact with different minerals possessing different rest potentials, galvanic
effects are established. During these galvanic interactions, chalcopyrite can act either
as a cathode which becomes cathodically protected or becomes the anode and gets
dissolved anodically.
Studies by various researchers using electrochemistry have generated some useful and
somewhat vastly contradicting information. However, one thing which is agreed on in
most of the electrochemical mechanisms is that the presence of a surface phase may
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be enough to block the transfer of electrons. When this happens, the electron exchange
processes cease and the surface is then said to be passivated.
There are several catalysts which have been investigated to potentially overcome the
passivation effects. It was established from the literature that one of the most effective
catalysts is silver. The positive effects of silver on the leaching of chalcopyrite has
been consistently observed in many different studies. Due to its renowned catalytic
effects, silver became the main focus for this study. The aim was to gain a better
understanding of the properties possessed by silver which make it such a good catalyst.
Such a better understanding has the potential to open the avenue to explore alternatives
to silver. This is because silver is so expensive that it wide use may be limited.
Chapter 2 of this thesis described the materials and methods which were used in this
study to investigate the behaviour of chalcopyrite in sulfate media. The chalcopyrite
materials used for the investigations included high purity chalcopyrite as well as a
chalcopyrite bearing ore. The pure chalcopyrite minerals were used mostly for
electrochemical studies. These electrochemical studies included open circuit potential
measurements, cyclic voltammetry, anodic polarisation and capacitance measurements
in the form of Mott-Schottky plots. In addition to the electrochemical measurements,
the high purity chalcopyrite minerals were also used for surface analysis studies that
included optical microscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), x-ray photoelectron spectroscopy (XPS) and in-situ
synchrotron studies. The chalcopyrite-bearing ore was used in batch leaching tests to
investigate the behaviour of a real ore during leaching at different conditions.
One of the methods applied in this study is electrochemistry. Fundamental
electrochemical investigations in the form of open circuit potential measurements were
carried out to establish how chalcopyrite behaves in various sulfate solutions. Chapter
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3 of this thesis presents the results from the electrochemical studies. The OCP
measurements in 0.1 M H2SO4 at 25 °C and different electrode rotation speeds revealed
that there was no relationship between the rotation speed and the OCP. Therefore at
25 °C, the rotation speed had no influence on the OCP. The OCP was found to lie
between 410 and 512 mV (SHE), in close agreement with literature. The OCP was
observed to increase in the first hour before achieving an almost constant value for the
duration of the test period. Such a lack of change in OCP is related to a lack of change
in the dissolution current, which is in turn an indication of a constant rate of
dissolution. Therefore, it was determined that the chalcopyrite became passivated
within the first hour.
When the solution temperature was increased to 45 °C, the chalcopyrite OCPs were
found to be higher than those at 25 °C, suggesting higher leaching rates at 45 °C
compared to 25 °C, in similar acid solutions. It was also observed that when the
electrode was in contact with the acid solution for periods longer than 12 hours, there
was a direct relationship between the rotation speed and the OCP. Such a relationship
suggests that the process became a diffusion controlled process at long leaching
periods. The behaviour of chalcopyrite in 0.1 M H2SO4 solution at 65 °C indicated no
great difference in behaviour at different rotation speeds. This suggests that rotation
speed had no great influence on the OCP at 65 °C. From these fundamental studies, it
was concluded that in 0.1 M H2SO4 solutions at different temperatures, the rotation
speed had no influence on the OCP of chalcopyrite. This means that under these
conditions, agitation does not influence the rate of chalcopyrite leaching. However, at
longer leach times, the rotation speed had an influence, suggestion that the reaction
becomes diffusion-controlled at longer leach times.
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The introduction of an oxidising agent in the form of Fe3+ to the leaching solution at
65 °C showed a considerable increase in the OCP compared to when Fe3+ was absent.
This increase in the OCP was observed for all the rotation speeds investigated.
However, a greater rate of decrease of the OCP was observed in the presence of Fe3+
compared to when Fe3+ was present. This showed that the surface is passivated at a
faster rate in the presence of Fe3+ that in its absence. When the concentration of Fe3+
was increased from 1 g/L to 5 g/L, it was observed that the chalcopyrite became more
severely passivated at high rotation speeds than at lower speeds. The present study
revealed that a passivated chalcopyrite surface can be reactivated by the addition of
Ag+. The degree of activation corresponded to the concentration of Ag+ added.
Cyclic voltammetry was used to investigate the behaviour of chalcopyrite under
several conditions. Cyclic voltammetry of chalcopyrite in 0.2 M H2SO4 suggested that
a surface phase that is believed to be an iron deficient sulfide was formed on the
surface. It was also observed that the surface phase which forms due to the initial
dissolution of chalcopyrite was formed whether an oxidising agent such as Fe3+ was
present or not. In addition, this phase was observed when a different oxidising agent,
such as Cu2+ was used in place of Fe3+. Cyclic voltammetry in the presence of Ag
showed that the surface remains active, unlike when the electrode was scanned in the
absence of Ag, suggesting that there is less passivation. In addition to cyclic
voltammetry, anodic polarisation also showed that a passivating phase was formed
quite rapidly.
The contribution of semiconductor properties on the behaviour of chalcopyrite was
also investigated. The investigations into the semiconducting behaviour of
chalcopyrite in acid solutions showed what are believed to be two surface layers that
form when chalcopyrite is polarised in the anodic direction between 500 mV and 1000
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mV. However, it was discovered that the chalcopyrite surface behaved differently in
the presence of Ag compared to the behaviour in the absence of Ag. It is believed that
when Ag is present on the surface, it modifies the semiconductor properties of
chalcopyrite. The presence of the Ag on the surface provides an alternative path for
electron to tunnel or hop from the valence band to the conduction band and participate
in reactions at the interface. This study also suggests ways to ensure the presence of
Ag particulates, such as nanoparticles, which can act as charge transfer paths, which
can “metallise” the chalcopyrite surface.
The formation of such nanoparticles was investigated in the literature. It was
established that Ag nanoparticles can be synthesised by using certain reducing agents
such as ethylene glycol. The formation Ag nanoparticles was investigated by adding
ethylene glycol and Ag to leaching solutions in Chapter 4. Following this, the
electrochemical behaviour of chalcopyrite in such solutions was investigated. OCP
measurements revealed that the combination of Ag and ethylene glycol in acidic ferric
solutions provided high OCPs compared to other solutions tested such as Ag in acidic
ferric solutions. This trend was consistently observed for different temperatures.
Further investigations of the combination of Ag and ethylene glycol, such as cyclic
voltammetry, indeed revealed that metallic Ag was present on the surface. These Ag
nanoparticles formed on the chalcopyrite surface were subsequently investigated by
methods such as SEM and TEM in Chapter 5.
Chapter 5 of this thesis covers the study of the chalcopyrite surface transformations
under different conditions. The surface transformations taking place after treating
chalcopyrite electrodes in sulfate solutions in the presence of Ag showed that various
intermediate phases form on the surface. This was evidenced by the different colours
of the surface products which were produced. These different products were observed
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after treating chalcopyrite in sulfate solutions by open circuit potentials (OCP) and
cyclic voltammetry. However, the identity of the various intermediate phases by
optical microscopy could only be speculative. These interesting results justified the
need to carry out further studies by other techniques.
Scanning electron microscopy (SEM) was identified as one of the techniques which
could yield more information on the surface phases generated when chalcopyrite was
treated in various solutions. Some of the SEM studies showed that in some cases, the
chalcopyrite surface is not leached uniformly. This was evident when the chalcopyrite
surface showed some triangular pits. The SEM analysis showed that the pitted regions
were in fact made up of different phases. For example, it was discovered that there
was porous sulfur inside the pits. Outside the pits, there were partially leached zones
as well as a surface that seemed to have been hardly affected by the treatment. The
results from optical microscopy and SEM both showed that chalcopyrite surface does
not leach uniformly, and therefore it is possible to produce a range of surface products.
SEM confirmed that different products were produced on the same surface. In the
presence of Ag, it was shown that Ag-rich particles and elemental sulfur were formed
on the same surface. In addition, it was found that the Ag-rich particles were not
uniformly distributed on the surface but were more prevalent on some zones more than
others. Therefore, it appears that Ag has greater affinity for some chalcopyrite zones
more than others. The interaction of the chalcopyrite surface was investigated further
by ensuring that Ag was present on the surface in the form of elemental Ag. This was
achieved by introducing ethylene glycol to an Ag-containing leach solution. The effect
of the EG was to reduce the Ag to elemental Ag and investigate the interaction of the
so-formed Ag with the chalcopyrite surface.
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The introduction of EG to the leach solution showed some interesting results. It was
found that when chalcopyrite was leached in Ag-containing solutions in the presence
of EG, there existed some clearly defined zones on the chalcopyrite surface. There was
a well leached zone while the neighbouring zones were basically unleached. The
leached zone was found to be rich in Cu and deficient in Fe. This observation support
the view that during chalcopyrite leaching, the intermediate zones are Cu-rich sulfides
or Fe-deficient sulfides. These terms refer to the same thing. In addition, the existence
of clearly defined zones also supports the view that different surface zones interact in
different ways with Ag. These interactions of Ag with the chalcopyrite surface were
believed to be due to the presence of Ag in the elemental form. As such more
investigations of the surface interaction with elemental Ag were carried out.
TEM analysis was used to study the Ag particles which formed on the chalcopyrite
surface. The TEM analysis showed that cubic Ag nanoparticles were present on the
surface of chalcopyrite after treatment in Ag-containing solutions in the presence of
Ag. The use of focussed ion beam (FIB) confirmed the presence of a Cu-rich layer
near the surface. Other near-surface layers which were detected include the unreacted
chalcopyrite and a thin Ag layer at the surface.
XPS analysis showed that when chalcopyrite was leached in ferric sulfate solutions in
the presence of Ag, there was no Cu detected on the surface. In the same way, under
these conditions, no Fe was detected on this surface. This means that in the presence
of Ag, chalcopyrite was removed completely from the upper layers under these
conditions. Several different S species were detected on the surface under different
conditions. However, “polysulfides” were detected on the surface treated under all the
conditions except the surface treated in the presence of Ag. It suggests therefore, that
such “polysulfides” most likely contribute to the passivation of chalcopyrite. These
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results agrees with earlier TEM observations which showed the presence of Cu-rich
sulfides.
The formation of a copper-rich sulfide phase on the chalcopyrite surface was
confirmed by synchrotron powder diffraction. The copper-rich phase detected was
digenite. The digenite was detected very early into the test. This suggests that the
digenite forms very rapidly. Therefore, if the digenite is passivating, the study has
shown that such a passivating phase is formed on the surface very quickly. This means
that further reaction of the chalcopyrite can be interrupted very quickly by the
formation of such passivating phases. Further studies to establish the link between the
formation of the digenite and a decrease in the reaction rates of chalcopyrite are
recommended.
The possible synergistic relationship between Ag catalyst and other additives was
investigated through leaching tests. These leaching tests and the associated surface
characterisation tests have been presented in Chapter 6. One of the most significant
synergistic relationships observed involved a wetting agent and Ag. In this case it was
fund that high Cu extractions were observed in the presence of Ag and wetting agent
together than the presence of each of these additives individually. The synergy is
believed to come about due to the wetting agent reducing the hydrophobicity of the
chalcopyrite surface. When this happens, the solution containing Ag ions can now
easily contact the mineral surface.
The leaching studies also found that there was a synergy between Ag and ethylene
glycol. In the presence of Ag and ethylene glycol, it was found that greater amounts
of Cu were extracted from chalcopyrite than leaching in the presence of Ag alone. The
synergy is believed to be due to the enhanced formation of elemental Ag on the surface
due to the reducing effect which ethylene glycol has on Ag. This effect has been
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thoroughly explained in Chapter 4. The elemental Ag formed is believed to provide an
easy path for electrons, allowing and easy electron exchange between the dissolving
chalcopyrite and the oxidising agent in solution.
A synergistic relationship was also found to exist between Ag and chloride ions. At
relatively high chloride concentrations, it is believed that the chloride ions stabilise the
Cu(I) phase. This allows the Cu(II)/Cu(I) phase to become a significant contributor to
the mobilisation of sulfur. In parallel to this, the Ag improves the surface conductivity
of the surface. This enables faster electron transfer, leading to faster leaching.
The study has proposed that the catalytic effect of silver is due to the improved
conductivity of the surface. It has also been established that there are synergies which
exist between silver and other additives. Three synergistic additives were explored in
this study. However, there are potentially many more synergistic additives that can be
potentially investigated. It is possible that there are other synergistic additives which
can potentially be used. In this light, there is room for further work to be carried out.
It is therefore recommended that further work be carried out in this area.
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